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Introduction 

Non-destructive  Evaluation  is  the  interdisciplinary  field  of  study  concerned  with  the 
development  of  analysis  techniques  and  measurement  technologies  for  the  quantitative 
characterization  of  materials  and  structures  by  noninvasive  means.  Intelligent  NDE 
Sciences  can  be  defined  as  the  branch  of  NDE  related  to  the  interpretation  of  data  and  the 
decision  making  process.  Intelligent  NDE  sciences  are  also  associated  with  the  search  for 
models,  analytical  tools,  and  the  inference  processes  to  allow  computer  interpretation  and 
decision  making  regarding  the  integrity  of  a  structure.  It  is  also  the  science  of  smart 
machine  that  can  learn,  teach,  advice,  decide  and  recommend. 

In  the  Fall  of  1997  the  Fast  Center  for  Structural  Integrity  of  Aerospace  Systems  at  the 
University  of  Texas  at  El  Paso  (UTEP)  organized,  and  held  a  Workshop  on  Intelligent 
NDE  Sciences  for  Aging  and  Futuristic  Aircraft.  The  workshop  took  place  during 
September  30  -  October  2  at  UTEP’s  campus.  The  objective  of  the  workshop  was  to 
assess  the  state-of-the-art  in  the  field  of  Intelligent  NDE  Sciences,  and  to  provide  a  forum 
to  discuss  and  identify  key  basic  and  applied  research  issues  that  are  critical  to  the 
development  of  intelligent  NDE  systems  for  aircraft.  The  workshop  also  promoted 
exchanges  and  cross-fertilization  among  many  disciplines.  Presentations  were  made  by, 
invited  and  selected,  distinguished  speakers.  The  workshop’s  secondary  objective  was  to 
provide  directional  support  to  the  research  activities  conducted  at  the  FAST  Center  for 
Structural  Integrity  of  Aerospace  Systems. 

The  workshop  was  organized  by  a  committee  of  faculty  members  from  UTEP,  with  the 
help  of  an  advisory  committee  of  distinguished  researchers  from  academia  and 
government.  UTEP’s  organizing  committee  was  formed  with:  Dr.  Roy  Arrowood,  Dr. 
Carlos  Ferregut,  Dr.  Soheil  Nazarian  and  Dr.  Roberto  Osegueda,  all  of  them  members  of 
UTEP’s  FAST  Center.  Members  of  the  advisory  committee  included  Dr.  Yoseph  Bar- 
Cohen  (JPL/Caltech),  Dr.  Dale  Chimenti  (Iowa  State  University),  Dr.  Robert  Green 
(Johns  Hopkins  University),  Dr.  Thomas  Paez  (Sandia  National  Laboratories)  and  Dr. 
Spencer  Wu  (Air  Force  Office  of  Scientific  Research).  Several  potential  speakers  were 
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identified  by  the  members  of  these  committees.  The  advisory  committee  also  revised  the 
list  of  topics  that  made  the  program  of  the  workshop. 

Pre-Workshop  Activities 

During  Spring  and  Summer  1997,  the  UTEP  organizing  committee  and  the  advisory 
committee  decided  on  the  final  format  for  the  workshop,  identify  potential  speakers  and 
compile  a  mailing  list  for  the  distribution  of  two  brochures,  one  calling  for  papers  and 
another  one  containing  the  final  program. 

The  FAST  Center  prepared  a  brochure  announcing  the  workshop  and  calling  for  papers. 
These  brochure  was  mass  mailed  to  about  1200  institutions.  A  copy  of  the  brochure  is 
attached  to  this  report.  At  the  same  time  thirteen  distinguished  researchers  were  contacted 
and  invited  to  participate  in  the  workshop.  The  following  individuals  accepted  the 
invitation  from  the  FAST  Center: 

Dr.  Jan  Achenbach,  Northwestern  University 

Dr.  Yoseph  Bar-Cohen,  JPL/Caltech 

Dr.  Dale  Chimenti,  Iowa  State  University 

Dr.  Robert  Green,  Johns  Hopkins  University 

Dr.  Ajit  Mai,  University  of  California  at  Loas  Angeles 

Dr.  Thomas  Paez,  Sandia  National  Laboratories 

Dr.  Mel  Siegel,  Carnegie  Mellon  University 

Dr.  Wolfgang  Sachse,  Cornell  University 

Dr.  D.O.  Thompson,  Iowa  State  University 

Dr.  G.  Tomlinson,  The  University  of  Sheffield 

Dr.  Satish  Udpa,  Iowa  State  University 

Dr.  R.P.  Wei,  Lehigh  University 

Dr.  W.P.  Winfree,  NASA  Langley  Research  Center 

In  additon  to  the  thirteen  invited  speakers,  thirteen  more  papers  were  selected  from  the 
response  to  our  call  for  proposals.  All  papers  were  organized  into  the  following  five 
sessions, 
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Session  I  -  Intelligent  Interpretation  and  Smart  Processing  of  Signals  and  Images  (PART 
A) 

Session  II  -  Smart  NDE  Systems 
Session  III  -  Aircraft  Corrosion 

Session  IV  -  Intelligent  Interpretation  and  Smart  Processing  of  Signals  and  Images 
(PART  B) 

Session  V  -  Trends  and  Areas  to  focus  Intelligent  NDE  Research  and  Development 

The  workshop  program  and  registration  mailed  to  speakers  and  other  workshop  attendees 
is  attached  to  this  report.  The  program  and  the  papers  abstracts  were  also  posted  on  the 
FAST  Center  web  page. 

To  facilitate  the  editing  of  the  proceedings  of  the  workshop,  the  organizers  prepared  a  set 
of  instructions  for  the  authors  to  help  them  in  the  preparation  of  their  manuscript.  A 
sample  of  the  instruction’s  booklet  is  also  attached. 

Workshop  Attendance 

The  workshop  brought  together  66  representatives  of  the  aircraft  NDE  and  structural 
integrity  community  from  industry,  academia  and  government.  During  the  opening 
session  Col.  Jan  Cerveny  and  Dr.  C.I.  Chang  brief  the  audience  on  issues  related  to  the 
FAST  Centers  Program  and  the  Aging  Aircraft  Program.  A  round  table  discussion  was 
held  at  the  end  of  the  second  day  of  the  workshop.  Most  of  the  26  sessions  of  the 
workshop  were  videotaped  for  the  future  use  of  the  students  and  researchers  of  the  FAST 
Center. 

Workshop  Proceedings 

During  the  months  of  October  and  November,  the  wokshop  speakers  submited  their 
manuscripts,  and  some  of  them  also  included  their  written  answers  to  questions  asked 
during  their  presentations.  The  manuscripts  and  the  discussions  have  been  edited  and  put 
together  into  a  Proceedings  volume  entitled:  “Intelligent  NDE  Sciences  for  Aging  and 
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Futuristic  Aircraft”,  the  editors  of  the  proceedings  are:  Carlos  Ferregut,  Roberto 
Osegueda  and  Alina  Nunez.  The  proceeding  were  printed  by  UTEP’s  print  shop  and  were 
assigned  an  ISBN:  87404-279-8.  Two  hundred  and  fifty  copies  of  the  proceedings  were 
printed. 

Final  Comments 

The  Workshop  on  Intelligent  NDE  Sciences  for  Aging  and  Futuristic  Aircraft  was  the 
first  of  its  kind  in  this  rapidly  growing  field.  Several  papers,  in  which  artificial 
intelligence  methodologies,  pattern  recognition,  genetic  programming,  wavelets,  and 
other  modem  modeling  techniques  are  applied  to  the  NDE  process,  were  given.  The 
issues  of  inspection  automation,  corrosion  modeling  and  optimal  sensor  location 
generated  extensive  discussions  among  researchers  with  different  knowledge  and 
experience.  Therefore,  the  main  objective  of  the  workshop  was  met. 

Researchers  and  students  at  UTEP’s  FAST  Center  benefited  from  the  contacts  made  and 
from  the  informal  discussions  they  had  with  colleagues  from  other  institutions  during  and 
after  the  workshop.  This  discussions  have  help  the  researchers  at  UTEP’s  FAST  Center  to 
refocus  the  direction  of  some  activities  in  their  projects,  and  have  created  the  opportunity 
to  increase  the  number  of  collaborations  with  other  institutions.  We  therefore  believe  that 
the  secondary  objective  of  the  workshop  was  also  met. 
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Preface 


This  volume  contains  the  papers  of  the  workshop  on  Intelligent  NDE  Sciences  for  Aging  and 
Futuristic  Aircraft  held  at  the  University  of  Texas  at  El  Paso  on  September  30  -  October  2, 1997. 
The  workshop  was  organized  to  assess  the  state-of  the-art  in  this  emerging  field  and  to  provide  a 
forum  to  discuss  and  identify  key  basic  and  applied  research  issues  that  are  critical  to  the  devel¬ 
opment  of  intelligent  NDE  systems  for  aircraft. 

NDE  is  the  interdisciplinary  field  of  study  which  is  concerned  with  the  development  of  analysis 
techniques  and  measurement  technologies  for  the  quantitative  characterization  of  materials  and 
structures  by  nonin vasive  means.  Intelligent  NDE  sciences  can  be  defined  as  the  branch  of  NDE 
related  to  the  interpretation  of  data  and  the  decision  making  process.  Intelligent  NDE  sciences 
are  also  associated  with  the  search  for  models,  analytical  tools,  and  the  inference  process  to  allow 
computer  interpretation  and  decision  making  regarding  the  integrity  of  structures.  It  is  also  the 
science  of  smart  machines  that  can  learn,  teach,  advice,  decide  and  recommend. 

The  workshop  brought  together  more  than  sixty  representatives  of  the  aircraft  NDE  and  structural 
integrity  community  from  industry,  academia  and  government  to  discuss  major  aspects  of  intelli¬ 
gent  NDE  sciences.  The  24  technical  papers  that-comprised  the  program  covered  a  range  of 
topics  in  smart  processing  of  signals  and  images,  intelligent  interpretation,  smart  NDE  systems 
and  corrosion  issues. 

Because  of  the  valuable  information  provided  during  the  discussions  of  the  papers,  a  written 
version  of  questions  and  answers  has  been  included  after  some  of  the  papers.  The  papers  and  the 
discussions  should  make  this  volume  a  valuable  reference  on  recent  developments  in  intelligent 
NDE  sciences  as  applied  to  aircraft  and  other  structural  systems.  It  is  our  hope  that  the  material 
in  this  volume  will  help  to  further  advance  the  state  of  science  and  practice  of  this  rapidly  grow¬ 
ing  subject. 

On  behalf  of  the  Organizing  Committee  of  the  Workshop,  we  would  like  to  thank  the  USA 
AFOSR  for  promoting  and  sponsoring  this  workshop.  We  would  also  like  to  thank  all  the  stu¬ 
dents  associated  with  UTEP’s  FAST  Center  for  their  help  in  organizing  the  workshop. 

C.M.  Ferregut 
R.A.  Osegueda 
A.  Nunez 

Editors 


El  Paso,  Texas...  October  1997. 
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A  real  time,  high  resolution  ultrasound  imaging  system  for 

aging  aircraft  inspection 

Dr.  Marvin  Lasser 
Imperium,  Inc. 

Rockville,  Maryland  20850 

Dr.  George  Harrison 
University  of  Maryland  Medical  School 
Baltimore,  Maryland 


ABSTRACT 

A  novel  NDE  system  with  an  ultrasound  sensitive  multi-element  array  has  been 
demonstrated  and  is  currently  in  product  development.  The  tool  is  capable  of  imaging 
internal  defects  (e.g.  voids,  delamination,  corrosion)  and  provide  real-time,  depth 
sensitive  C-scan  information.  The  system  uses  a  patented  sensor  array  of  ultrasound 
sensitive  elements  (128  x  128)  that  generates  images  in  real  time.  This  low  cost,  portable 
tool  requires  no  mechanical  scanning  to  acquire  C-scan  images  and  can  be  used  for 
inspection  of  subsurface  corrosion  and  composite  flaws.  The  system  installation  could  be 
similar  to  traditional  C-Scan  systems  by  immersing  targets  or  through  water  squirter 
methods.  However,  since  the  system  requires  no  mechanical  scanning,  it  can  be 
implemented  as  a  handheld  probe,  not  requiring  targets  to  be  submerged  in  a  fluid  at  all. 
The  probe  can  be  used  for  spot  inspection  by  an  operator,  or  integrated  into 
manufacturing  processes  for  immediate  production  control  over  large  areas.  The 
application  of  the  system  for  composites  will  enable  characterization  both  while  they  are 
forming,  as  well  as  for  field  testing  of  in-service  materials.  The  system  operates  at  thirty 
frames  a  second  allowing  rapid  movement  over  larger  areas.  This  work  is  supported  in 
part  by  the  Navy  SBIR  program. 

KEYWORDS: 

NDE,  Imaging,  Real-Time,  Ultrasound,  Corrosion,  Composites,  On-line,  Manufacturing 

We  are  reporting  on  the  capability  of  our  novel  ultrasonic  imaging  camera  system  to 
rapidly  characterize  various  materials.  The  ultrasound  system  is  capable  of  imaging 
entire  areas  of  internal  targets  at  TV  frame  rates.  This  contrasts  to  conventional  C-scan 
type  systems  which  generate  images  only  by  moving  a  point  by  point  sensor.  The  result 
is  a  tool  which  can  provide  real-time,  large  area  imagery  of  subsurface  faults. 

It  is  important  to  perform  characterizations  of  materials  rapidly.  More  specifically,  it 
would  be  highly  desirable  to: 
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1 .  Evaluate  large  areas  of  metals  and  composite  materials  quickly 

2.  Give  immediate,  user  friendly  imagery  to  an  operator 

The  insertion  of  NDE  technologies  into  material  development  with  the  ability  to  provide 
immediate  production  control  feedback,  and  in-field  structural  health  monitoring  becomes 
more  readily  achievable.  The  basis  for  the  technology  is  a  patented  ultrasound  sensitive 
integrated  circuit  which  reads  out  two-dimensional  ultrasound  data  into  a  standard  TV 
output,  enabling  ultrasound  C-scanning  in  real  time. 

Although  ultrasonic  C-scanning  was  originally  developed  for  inspection  of  homogeneous 
materials,  the  method  has  been  now  been  applied  to  inspection  for  detection  of  corrosion, 
delaminations,  porosity  and  inclusions,  and  to  monitor  the  initiation  and  progression  of 
damage  resulting  from  applied  mechanical  loads  and  other  environmental  factors.  The 
ultrasound  imager  builds  on  that  capability  by  allowing  these  inspections  to  be  made 
much  more  rapidly.  The  sort  of  problems  encountered  that  we  intend  to  monitor  include 
real  time  imaging  of: 

1 .  Corrosion 

2.  Orientation  of  fibers 

3.  Fiber  matrix/interface  conditions 

4.  State  of  cure 

5.  Interlaminar  cracks 

6.  Volume  fraction 

NEED  FOR  IMPROVED  C-SCANNING  TECHNOLOGY 

For  the  assessment  of  small  imperfections,  high  resolution  systems  are  required. 
Furthermore,  measurements  need  to  be  made  over  large  areas  such  as  of  an  aircraft  body. 
This  requires  considerable  time  to  conduct  these  measurements  and  also  places  a  severe 
burden  on  human  inspectors  to  evaluate  what  they  observe  without  being  overcome  by 
boredom  and  a  lack  of  concentration.  Automated  systems  are  needed  to  assist  the 
inspectors  in  the  performance  of  their  tasks.  In  order  to  establish  improved  screening  and 
detection,  a  system  which  provides  detailed  visualization  of  a  3-D  volume  of  materials  is 
needed.  This  technology  bridges  the  large  gap  between  taking  point  by  point  scans  of  the 
materials  of  interest  and  evaluations  that  can  be  done  quickly  during  the  manufacturing 
process  or  after  field  use. 


APPLICATIONS 

The  installation  of  a  real  time  C-scanning  tool  can  be  for  any  usage  of  C-scanning 
technology  today,  only  thousands  of  times  faster,  and  more  easily  implemented.  Overall 
application  benefits  of  such  a  tool  include: 

1 .  Better  determination  of  economic  impacts  of  aging  systems 

2.  Easier  implementation  through  low  weight,  portable  probe 
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3.  Better  process  control 

4.  Quicker  in-situ  inspection 

5.  Less  defective  products  produced 

6.  Less  operator  intervention 

Specific  applications  that  we  have  addressed  are  as  follows: 

1 .  Real  time  corrosion  imaging  of  pipes,  aircraft,  ships,  storage  tanks 

2.  On-line,  large  area  aerospace  composite  production  process  control 

3.  Real-time,  in-service  composite  aircraft  inspection 

4.  Real-time  automotive  composite  manufacturing  inspection 

5.  Real-Time  semiconductor  package  inspection 


The  implementation  of  the  system  for  corrosion  detection  on  aircraft  using  a  hand  held 
probe  generating  ‘slices’  inside  targets  in  Figure  1. 


Figure  1 :  Real-time  Ultrasound  Imaging  Implementation  Using 


As  the  operator  moves  along  the  target  under  study,  he  or  she  would  get  immediate 
subsurface  imagery  as  well  as  quantitative  data.  One  user  interface  is  shown  in  Figure  2, 
where  the  signal  processed  RSI  70  image  of  corrosion  is  shown  on  the  right  hand  side 
(colorized,  edge  enhanced,  etc.),  and  the  left  display  shows  the  quantitative  A-scan  at  the 
intersection  of  the  crosshairs  on  the  image  (e.g.  for  detailed  depth  information).  As  the 


Figure  2:  User  Interface  Screen 
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probe  is  moved,  both  the  image  and  the  A-scan  would  reflect  the  current  position. 
Alternatively,  the  probe  could  be  mounted  on  a  track  whick  scans  along  the  surface  of  the 
aircraft  skin  and  cover  an  entire  area,  with  high  resolution,  in  minimal  time  (10  to  15 
minutes)  and  stored  on  video  for  later  evaluation  of  areas  of  interest. 

SYSTEM  DESCRIPTION 

The  system  is  best  described  as  a  ‘camcorder  for  sound’.  Similar  to  a  conventional  camcorder 
which  is  based  on  CCD  technology  sensitive  to  light,  Imperium  has  developed  a  novel  2D 
read  out  IC  sensitive  to  ultrasound,  not  light.  The  technique  can  be  used  in  either  reflection 
(pulse-echo)  or  transmission.  The  transmitter  is  separate  from  the  novel  IC  receiver.  The 
system  is  broadband,  working  over  a  wide  range  of  frequencies. 

A  large  area,  uniform  ultrasound  beam  insonifies  the  desired  target.  In  the  reflection  mode, 
the  beam  strikes  the  target  and  returns  back  towards  the  sensor.  An  acoustic  lens  is  used  to 
collect  the  resulting  beam  and  focus  the  information  onto  the  IC  array. 

The  pattern  formed  strikes  the  ultrasound  sensitive  pixel  elements  (128  x  128)  of  the  array. 
The  voltage  generated  at  each  pixel  is  transferred  to  a  silicon  CMOS  multiplexer  which  is 
designed  to  read  out  the  individual  voltages  sequentially,  producing  a  TV  like  image. 

Signal  processing  provides  ‘range  gating’  by  controlling  the  acquisition  time  of  the  array  to 
occur  when  the  ultrasound  pulse  generated  by  the  source  transducer  returns  from  a 
predetermined  depth  within  the  target  (e.g.  5  mm  in  depth).  Each  of  the  thirty  frames  per 
second  can  be  programmed  to  return  from  a  different  depth,  providing  3D  information  (e.g. 

3  mm  to  8  mm,  with  1  mm  increments).  Alternatively,  at  a  single  depth,  the  frames  could  be 
integrated  to  provide  enhanced  signal  to  noise.  The  RSI 70  TV  signal  is  then  frame  grabbed 
and  coupled  to  a  standard  machine  vision  system  which  performs  acceptance/rejection 
criteria,  image  enhancement,  false  color,  image  annotation,  etc. 

The  separation  of  the  receive  and  transmission  functions  is  not  intended  to  imply  that 
they  are  to  be  physically  separated  from  each  other.  However,  the  separation  into  the 
receive  and  transmission  modes  does  point  out  the  flexibility  inherent  in  the  design  of  the 
imager. 

Our  transducer  array  was  made  by  bonding  a  piezoelectric  array  to  a  focal  plane  array 
multiplexer.  An  array  we  are  evaluating  is  approximately  1  cm  on  a  side  (128  elements 
with  85  micron  center  to  center  spacing).  If  85  micron  resolution  is  desired,  it  could  be 
achieved  but  with  1  cm  area  coverage.  In  this  case,  the  target  area  covered  is  equal  to  the 
area  of  the  array.  However,  if  the  required  resolution  is  1  mm,  then  by  setting  the  lens 
position,  an  area  coverage  of  128  mm  of  the  target  will  be  achieved.  Since  the  camera 
operates  at  30  frames  a  second  or  higher,  reasonably  large  areas  would  be  covered  in 
times  much  less  than  required  by  a  point  by  point  scan.  Similarly,  if  higher  resolution  is 
required,  magnification  of  the  image  will  result  in  better  resolution,  but  sacrifice  area 
coverage.  The  objective  is  a  ’zoom  in’  or  ’zoom  out’  as  the  operator  desires  as  shown  in 
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Figure  3.  The  ultimate  resolution  will  be  limited  by  the  wavelength  of  the  ultrasound 
employed. 


Figure  3:  Adjustable  ‘Zoom’  Selection 

All  other  approaches  to  ultrasonic  imaging  have  used  focused  pulses,  whereas  our 
preferred  approach  requires  spatially  uniform  insonation  of  the  plane  of  interest.  Uniform 
insonation  is  a  research  specialty  of  Dr.  George  Harrison  and  of  the  University  of 
Maryland  who  have  been  teamed  with  Imperium  Inc.  in  some  of  the  efforts.  He  has  the 
only  published  calculations  and  experimental  realizations  of  such  insonation  fields.  One 
highly  uniform  field  is  shown  in  Figure  4.  For  the  improved  spatial  resolution,  special 
transducers  operating  at  center  frequencies  of  375  Khz,  1  MHz,  2.5  MHz,  5  MHz  and  15 
MHz  were  used  for  imaging.  The  size  and  shape  of  the  source  transducer  was  determined 
from  field  propagation  simulations. 


■*  Pulse:  400V 

■*  Distance:  6  cm 

•»  Frequency:  l  MHz 

Figure  4:  A  Highly  Uniform  Pulse  Used  For  Real-Time  Imaging 


The  influence  of  advanced  signal  processing  and  pattern  recognition  algorithms,  and  an 
enhanced  hardware  for  ultrasonic  non-destructive  testing  capabilities  has  been 
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phenomenal.  The  recent  systems  store  more  data  and  analyze  and  image  with  good 
efficiency  and  hence  make  the  whole  system  automatic  and  more  reliable.  Our  TV 
formatted  image  is  immediately  adaptable  to  well  developed  commercial  machine  vision 
systems  which  perform  immediate: 

1 .  Frame  grabbing  of  frames  with  particular  features  of  interest 

2.  Conversion  of  shades  of  gray  to  color  to  bring  out  features  not  otherwise  detectable, 
especially  at  higher  frame  rates 

3.  Intensity  plots  of  image  features  rather  than  relying  on  image  intensity  to  detect 
features 

4.  Dynamic  range  modification  over  different  regions  to  enhance  contrast  beyond  what 
is  observed  with  uniform  gain  conditions 

5.  Edge  enhancement 

6.  Image  subtraction  to  not  only  look  for  changes,  but  also  to  remove  fixed  pattern  noise 

7.  Image  addition  for  improvement  of  signal  to  noise 

REAL  TIME  IMAGES 

Once  real  time  images  were  obtained,  a  number  of  features  of  these  images  could  be 
investigated. 

A  relatively  small  target,  a  7  mm  diameter  metal  washer  was  imaged.  The  width  of  the 
metal  ring  is  approximately  2  mm.  In  order  to  obtain  images  for  inclusion  in  this  report, 
single  frames  of  the  video  images  were  frame  grabbed  and  then  stored  to  disk.  Figure  5 
shows  a  framed  grabbed  image  of  the  washer  held  by  a  clamp.  By  moving  the  washer  to 
a  position  closer  to  the  focal  plane  of  the  lens  and  refocusing  the  image  plane  at  the  plane 
of  the  array,  the  image  size  increased.  The  enlarged  image  is  shown  in  Figure  6.  This  is 
of  course  standard  practice  when  operating  in  the  visible  and  infrared  regions  of  the 
spectrum.  Mechanical  C-scanning  can  provide  the  same  information  but  at  a  much 
slower  rate.  It  is  the  speed  at  which  the  images  can  be  generated  that  makes  this  system 
unique.  The  Images  in  Figure  5  and  Figure  6  below  were  taken  at  both  30  frames  /second 
and  at  50  frames/second.  The  real  time  feature  greatly  simplifies  the  focusing 
adjustment,  allowing  the  operator  to  adjust  the  focus  and  then  to  readjust  the  focus  if  a 
different  magnification  is  chosen. 


Figure  5:  Without  Zoom 


Figure  6:  With  Zoom 
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Close  examination  of  Figures  5  and  6  shows  that  the  images  are  made  up  of  a  set  of  small 
squares  or  pixels.  The  smallest  squares  are  generated  by  the  actual  pixel  separation  in  the 
focal  plane  array.  In  this  array  the  pixels  are  85  microns  apart.  Knowing  the  pixel  size 
one  can  determine  the  image  size  by  counting  the  number  of  pixels  across  the  image. 

As  a  first  approximation  it  is  typical  to  invoke  the  Rayleigh  criterion: 


0min  =  1.22X/D 


where  0min  is  minimum  angular  separation  of  two  points  in  the  target,  X  is  the  wavelength 
of  the  ultrasound  signal,  and  D  is  the  diameter  of  the  lens.  In  fact,  the  resolution  of  a 
scanning  system  with  high  enough  sensitivity  and  dynamic  range  can  resolve  the  depth  of 
the  saddle  point  between  the  two  point  images  and  thereby  improve  on  the  achievable 
resolution. 

Figure  7  is  an  image  of  an  airplane  rivet  where  a  crack  can  clearly  be  seen  emanating 
straight  up.  Figure  8  is  an  aluminum  plate  with  spots  of  corrosion. 


Figure  7:  Aircraft  Rivet  with  Crack 
Pointing  Up 


Figure  8:  Corroded  Aluminum 
Plate 


It  is  important  to  point  out  that  images  of  targets  moving  across  the  field  of  view,  either 
by  panning  the  camera  or  by  moving  the  target,  appear  more  detectable.  The  motion  of 
details  within  the  image  catch  the  observer’s  eye  and  are  readily  tracked  across  the  image 
plane. 


CONCLUSIONS 

A  new  generation  of  ultrasound  NDT  imaging  equipment  based  on  microelectronic 
techniques  has  been  demonstrated.  This  system  substitutes  microelectronic  processing 
for  mechanical  scanning  and  is  therefore  not  only  much  faster  than  existing  equipment, 
but  inherently  a  lower  cost  system.  Imperium  is  actively  looking  for  technologically 
advancing  organizations  currently  involved  in  nondestructive  testing  to  determine  the 
application  specific  product  specifications  that  will  meet  the  needs  of  the  NDT  industry. 
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DISCUSSION 


A  Real  Time,  High  Resolution,  Ultrasound  Imaging  System 
for  Aging  Aircraft  Inspection. 


Speaker:  Lasser 


How  does  one  use  your  “ultrasonic  camera”  to  visualize  sub-surface  material  inhomogene¬ 
ities?  — Wolfgang  Sachse 

By  ‘range  gating’  plane  images.  This  technique  generates  image  slices  as  a  function  of 
depth. 


Given  that  you  have  a  short  pulse,  i.e.,  broad  band,  how  do  you  avoid  problems  with  chro¬ 
matic  aberration?  — Mel  Siegel 

The  dispersion  of  the  lens  that  we  use  is  low  enough  that  chromatic  aberration  is  not  observ¬ 
able. 


How  do  you  “zoom”  the  lens?  — Mel  Siegel 

Zooming  is  done  by  adjusting  (moving)  the  object  and  image  distances  as  is  conventionally 
done  with  any  camera  system. 


Does  camera  obtain  data  at  top  of  image  at  same  time  as  at  bottom  of  image?  — L.  D.  Favro 

We  illuminate  the  target  with  a  short  period  large  area  uniform  ultrasound  beam.  This 
generates  a  latent  (voltage)  area  image  on  the  array.  This  ‘frozen’ area  image,  at  a  pre¬ 
selected  depth,  is  then  read  out  in  a  few  milliseconds. 


You  are  scanning  the  A-scan  signal  at  a  rate  of  1/30  second.  This  is  clearly  inadequate.  How 
are  you  able  to  overcome  the  problem  of  poor  sampling  rates?  — Satish  Udpa 

We  are  reading  out  a  sequence  of  C- scan  frozen  plane  images.  Each  plane  (see  question  4)  is 
then  read  out  in  1/30  second.  Each  plane  contains  128  xl28  elements.  In  order  to  get  the 
equivalent  of  an  A-scan  requires  a  series  of  planes.  In  one  second,  we  get  ( 128  x  128)  x30 
elements.  This  is  a  much  higher  sampling  rate  than  obtained  previously. 
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Abstract 


We  describe  in  this  paper  the  first  steps  towards  the  development  of  a  new  and  innova¬ 
tive  integrated  approach  for  monitoring  the  structural  integrity  of  aging  aircraft  materials  and 
structural  components.  We  call  this  approach  synergistic  diagnostics  because  it  is  based  on 
the  union  of  sensing,  processing,  modeling  and  forecasting  of  the  condition  of  a  structure  with 
respect  to  its  performance.  While  the  principal  goal  of  any  structural  monitoring  procedure 
involves  the  automatic  detection  and  early  identification  of  potentially  dangerous  conditions 
which  threaten  the  integrity  of  a  structure,  the  long-range  goal  may,  in  fact,  also  include 
forecasting  of  the  performance  and  lifetime  of  the  structure  and  specifying  the  permissible  en¬ 
vironments  under  which  the  structure  may  be  operated  safely.  Synergistic  diagnostics  touches 
on  the  fields  of  measurement  science,  signal  processing,  materials  failure,  chaotic  dynamics, 
adaptive  systems  and  neural  networks. 

The  examples  presented  in  this  paper  utilize  an  automatic  modeler  that  resembles  the 
operation  of  a  neural- like  network.  We  show  how  such  a  system  can  be  trained  using  measured 
crack  growth  data  of  aircraft  Al-alloys  undergoing  mixed-mode  fatigue  loading.  Once  trained, 
the  system  requires  only  data  that  is  measured  during  the  initial  portion  of  a  fatigue  test  of  a 
specimen  to  forecast  its  subsequent  crack  growth  and  predict  its  lifetime.  We  also  demonstrate 
the  utility  of  this  modeling  approach  with  pre-existing  data  obtained  from  a  material  property 
data  base. 


INTRODUCTION 

Living  beings  are  remarkable  in  their  ability  to  use  their  senses  and  to  learn  from  their  experiences 
in  order  to  predict  the  future  performance  of  a  system.  Such  beings  are  an  example  of  a  synergistic 
measurement  system  which  possesses  capability  for  sensing,  processing,  modeling  and  forecasting .[  1] 
For  example,  a  synergistic  ultrasonic  measurement  system  is  one  which  is  based  on  the  union  of 
sensing  and  processing  of  active  (UT)  or  passive  (AE)  ultrasonic  signals,  and  the  subsequent  mod¬ 
eling,  forecasting  and  possibly  even  controlling  the  condition  of  a  system  or  a  machine  with  respect 
to  its  performance.  In  the  future,  such  ultrasonic  systems  will  likely  be  used  in  non-destructive 
testing,  materials  characterization,  structural  integrity  monitoring  and  process  control  applications. 
The  development  of  synergistic  measurement  systems  is  described  in  a  recent  monograph.  [1] 
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In  this  paper,  we  explore  the  use  of  a  synergistic  system  which  relies  on  data  measured  during 
the  initial  portion  of  a  fatigue-loaded,  thin-plate,  pre-cracked  Al-alloy  specimen  to  forecast  its 
subsequent  crack  growth  and  lifetime.  Portions  of  this  paper  are  taken  from  Ref.  [2]  Here,  sensing 
refers  to  the  measurement  of  crack  length  data  on  a  specimen  which  can  subsequently  be  used  to 
predict  the  fatigue  performance  of  the  specimen.  Processing  refers  to  the  amplification,  filtering  and 
modification  of  signals  to  enhance  their  information  content  and  to  recover  missing  information.  In 
electronic  measurement  systems  which  may  be  used  to  monitor  the  growth  of  a  crack,  this  operation 
refers  to  the  evaluation  of  signals  from  the  crack  region  and  relating  these  to  the  growth  of  a  crack. 
Modeling  refers  to  a  concise  description  of  the  fatigue-fracture  phenomenon  which  will  permit 
predicting  as  well  as  forecasting  missing  information.  Forecasting  refers  to  the  prediction  of  the 
future  evolution  of  a  crack  in  a  specimen  or  structure,  that  is,  its  growth  rate  and  the  specimen 
lifetime  from  past  measurements  of  the  growing  crack. 


APPROACH 


Central  to  a  synergistic  measurement  system  is  a  neural-like,  adaptive  signal  processing  proce¬ 
dure  which  permits  modeling  the  non-linear  relationships  between  measured  signals  or  information 
and  the  condition  and  specifically,  the  fatigue  properties  of  a  specimen.  The  procedure  which  we 
utilize  here,  relies  on  a  statistical  treatment  of  measured  data  to  generate  an  empirical  modeler 
of  the  natural  law  describing  the  phenomena.  Such  an  automatic  modeler  [ 3]  is  based  on  a  self- 
organized,  optimal  preservation  of  empirical  information  that  utilizes  the  principle  of  maximum 
entropy  of  information  and  an  optimal,  associative  estimation  of  missing  information  resembling  a 
non-parametric  regression.  The  approach  corresponds,  in  part,  to  a  neural  network  based  on  a  set 
of  radial  basis  functions  or  a  3-layer  perceptron.[l] 

We  denote  the  initial  s-components  of  the  measured  crack  growth  rate  data  as  S  =  (xx,  x2, . . . ,  xs) . 
These  may.  be  functions  of  crack  length  or  other  controlling  parameters,  such  as  stress  inten¬ 
sity  factors  or  energy  release  rate.  The  subsequent  crack  growth  rate  data  are  written  as  P  = 
(xs+i,xs+2 ,...,xs+P).  Thus,  the  concatenated  signal  description  of  the  crack  growth  rate  of  a 
specimen  undergoing  fatigue  is  expressed  by  the  data  vector 

A  S®P  (*£l)  X2,  •  •  •  >  Xs,  "£s+l>  •  •  •  j  *£s+p)  (1) 

To  learn  from  examples,  one  collects  the  data  vectors  Xi,X2,...,XN  during  a  series  of  training 
measurements.  These  data  vectors  form  the  basis  of  the  memory  of  the  modeler.  The  formation 
of  this  memory  corresponds  to  an  adaptation  of  the  system.  For  processes  in  which  there  is  a  con¬ 
tinuous  set  of  measured  data,  as,  for  example,  continuous  acoustic  emission  or  electrical  impedance 
data  from  the  growing  crack,  one  represents  the  data  by  a  fixed,  finite  set  of  representative  pro¬ 
totype  data  vectors  which  are  selected  by  a  self-organization  procedure.  [1]  Once  the  memory  has 
been  developed,  an  optimal  estimation  of  the  material  property  characteristics  P0{S )  from  the 
measured  sensor  data  is  obtained  via  multi- dimensional,  non-parametric  regression.  This  is  the 
analysis  mode  of  the  modeler.  Specifically, 

P-f(P\S)dP  =>  Y,CnP„  (2) 

n=l 


Po(S)  =  I 
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where  the  measure  of  similarity  is  expressed  by  the  coefficients 


g(S-sn) 

9(S-Sn) 


(3) 


Here,  g  represents  the  Gaussian  functions  which  are  formed  from  the  data  measured  during  learning, 
Sn  ,  and  during  an  subsequent,  actual  experiment,  S . 


Our  goal  here,  is  to  train  the  automatic  modeler  to  model  the  fatigue  crack  phenomenon  so 
that  it  can  subsequently  be  used  to  predict  the  crack  growth  and  hence  the  lifetime  of  a  specimen. 
Specifically,  we  shall  demonstrate  the  utility  of  this  approach  for  predicting  crack  growth  in  aircraft 
Al-alloys  loaded  under  tension  and  torsion  mixed-mode  fatigue  loading. 

When  there  is  only  one  or  a  small  number  of  cracks  in  a  specimen,  fatigue  damage  is  usually 
described  in  terms  of  the  length  of  the  dominant  crack  and  its  growth  rate  as  a  function  of  fatigue 
cycle  count.  One  of  the  standard  procedures  for  determining  crack  size  and  monitoring  its  growth 
is  the  use  of  direct  optical  measurements.  Such  a  determination  relies  on  a  calibrated  measuring 
microscope.  However,  an  alternative  procedure  for  sizing  cracks  is  desirable  -  one  which  would 
permit  the  monitoring  of  cracks  remotely  and  in  an  actual  structural  component  while  it  is  in- 
service. 


In  the  past,  a  number  of  crack  sizing  measurement  techniques  have  been  proposed  and  demon¬ 
strated.  These  include  techniques  based  on  eddy  current,  electrical  resistance,  and  several  based  on 
ultrasonics.  The  use  of  crack  tip  diffracted  signals  in  active  ultrasonic  measurements  to  determine 
the  position  of  the  crack  tip  has  been  described  elsewhere. [6,  7]  The  advantages  of  AE  measure¬ 
ments  as  the  basis  of  a  continuous,  on-line  structural  monitoring  system  are  often  cited.  Just  as  a 
living  being  is  able  to  use  its  sense  of  hearing  to  quickly  identify  sources  of  sound,  we  have  explored 
whether  it  is  possible  to  use  AE  data  as  input  to  a  synergistic  measurement  system.  In  particular, 
we  have  explored  the  use  of  AE  data  to  provide  information  about  crack  growth  which  could  be  used 
as  input  data  to  the  modeler.  [2]  Unfortunately,  it  was  found  that  such  data  often  do  not  reliably 
correlate  with  the  precise  characteristics  of  the  crack.  And  since  good  prediction  of  actual  crack 
growth  rate  is  obtained  only  when  the  input  data  used  to  make  the  prediction  closely  resembles 
that  which  already  resides  in  the  memory,  it  is  for  this  reason  that  AE  data  may  not  be  suitable 
for  forecasting  subsequent  crack  growth.  [2]  The  results  presented  in  this  paper  all  relied  on  direct 
optical  measurements  to  determine  the  crack  size. 


MEASUREMENTS  AND  MEASUREMENT  RESULTS 

It  is  recognized  that  the  pressurization  of  an  aircraft  fuselage  results  in  both  tensile  and  transverse 
(out-of-plane  tearing)  stresses  on  a  crack  near  a  lap  joint. [4]  Crack  tip  tensile  stresses  arise  from 
the  hoop  stress  in  the  fuselage  skin  while  the  out-of-plane  tearing  stresses  arise  from  the  internal 
pressure  in  the  fuselage.  To  study  the  fatigue  crack  growth  under  both  tensile  and  transverse  shear 
stresses,  Zehnder  and  Viz  [4]  tested  double-edge  notched  (DEN)  specimens  of  2024-T3  Al-alloys  such 
as  that  shown  in  Fig.  1(a)  under  constant  amplitude  cyclic  tensile  and  torsional  loadings  using  the 
mechanical  testing  system  shown  in  Fig.  1(b).  The  work  presented  here  will  include  fatigue  studies 
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Figure  1:  (a)  Tension/torsion  specimen  geometry;  (b)  Mechanical  testing  configuration  (from  Ref.  3) 


as  these  as  well  as  7076- T6  Ai-alloy  and  Ti6A14V.  Measurements  were  also  made  on  single-edge 
notched  specimens  (SEN)  of  2024-T3  and  7076-T6  Al-alloys. 

The.  direct  optical  measurements  which  were  used  to  measure  and  monitor  a  growing  crack  relied 
on  a  traveling  microscope  which  was  capable  of  resolving  the  position  of  the  crack  tip  to  within 
about  0.001  in  (25  /im).  In  this  study  the  growth  of  the  crack  was  measured  approximately  every 
0.020  in.  (0.5  mm)  and  the  fatigue  cycle  count  noted. 


FATIGUE  MODELING  BASED  ON  MEASURED  CRACK  LENGTH 


A  critical  question  is  whether  a  synergistic  system  can  be  adapted  and  subsequently  used  to  predict 
fatigue  crack  growth.  For  this,  we  require  precise  crack  growth  data  while  a  specimen  is  undergoing 
fatigue.  Two  kinds  of  specimens  were  fatigue  tested.  In  the  double-edge-notched  (DEN)  specimens, 
as  that  shown  in  Fig.  1(a),  the  crack  growth  from  one  of  the  notches  was  used  to  predict  the  growth 
of  the  crack  emanating  from  the  other  notch.  In  the  single-edge  notch  specimens,  the  crack  growth 
prediction  was  based  on  the  data  collected  from  other  specimens. 


Crack  Growth  in  Double-Edge-Notched  Specimens 

Fatigue  crack  growth  measurements  were  carried  out  on  double-edge- notched  2.29  mm-thick  sheets 
of  2024-T3,  7076-T6  Al-alloys  and  Ti6A14V.  The  specimens  and  conditions  under  which  they  were 
tested  are  listed  in  Table  1.  A  compilation  of  the  optically-measured  crack  growth  data  collected  is 
shown  in  Fig.  2.  The  two  crack  growth  curves  shown  for  each  specimen  correspond  to  each  of  the 
two  cracks  in  the  double-edge  notch  sample. 

The  crack-length  data  for  one  of  the  cracks  on  the  double-edge-notch  sample  was  used  to  develop 
the  memory  of  the  modeler.  The  formation  of  this  memory  corresponds  to  adaptation  of  the  system. 
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Table  1:  Single-edge-notched  specimens  tested  and  test  parameters  (P:  axial  load;  T:  applied  torque-  f-  test  fre¬ 
quency).  ’ 


Test 

Number 

Material 

.min  P  max 

[kN] 

Tmin  Tmax 
[N-m] 

f 

[Hz] 

1 

2024-T3  A1 

1.34  -  13.35 

6.72  -  67.2 

0.3 

2 

2024-T3  A1 

29.59  -  42.28 

90.44  -  106.4 

0.4-1. 0 

3 

2024-T3  A1 

8.9  -  17.8 

22.4  -  44.8 

0.1 

4 

7075-T6  A1 

8.9  -  17.8 

22.4  -  44.8 

0.5 

5 

Ti6A14V 

8.9  -  17.8 

22.4  -  44.8 

0.5 

To  test  the  system’s  capability  for  predicting  expected  crack  growth,  only  the  first  five  initial  crack 
length  data  values  were  used  as  input  to  the  modeler  from  which  all  the  remaining  evolution  of  the 
crack  growth  was  predicted.  The  results  for  four  experiments  are  shown  in  Figs.  3(a)-(d). 

Measured  Aircraft  Alloy  Tension-Torsion  Fatigue  Crack  Data 


Figure  2:  Tension/torsion  fatigue  crack  growth  data  used  to  develop  the  memory 

These  results  demonstrate  that  the  crack  growth  can  be  predicted  given  several  initial  crack 
length  data.  But  our  results  also  have  shown  that  reliable  prediction  of  the  crack  length  appears 
to  be  only  possible  when  the  measured  data,  which  is  input,  reasonably  closely  corresponds  to  data 
already  in  the  memory.  The  result  of  the  2024-T3  Al-alloy  specimen  which  is  shown  in  Fig.  3(a) 
exhibits  good  agreement  between  the  predicted  and  the  subsequently  measured  crack  growth  curve. 
In  this  particular  test,  the  specimen  was  subjected  to  a  combined  large  average  axial  load  and 
large  torsional  load.  This  combination  results  in  an  increased  plastic  zone  around  the  crack  tip 
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2024-T3  Al:  Pra=35.9  kN;  Tm=74.5  N-m 


7075-T6  Al:  Pm=8.9  kN;  Tra=22.4  N-m 


Figure  3:  Predicted  fatigue  crack  growth  behavior 
7075-T6  Al-alloy;  (d)  Ti6A14V  alloy. 


2024-T3  Al:  Pm=8.9  kN;  Tm=22.4  N-m 


Ti6A14V:  Pm=8.9  kN;  Tm=22.4  N-m 


on  five  initial  points). (a)-(b)  2024-T3  Al-alloy;  (c) 


and  increased  crack  surface  roughness,  resulting  in  increased  crack  closure  which  has  been  found 
to  lead  to  a  reduction  in  crack  growth  rate. [5]  Also,  as  Fig.  2  shows,  the  growth  of  both  cracks 
in  the  DEN  specimen  is  very  similar  as  would  be  expected  if  the  crack  growth  is  symmetric.  In 
this  case,  the  predictive  capability  of  the  automatic  modeler  based  on  only  the  first  few  points  in  a 
crack-growth  curve  seems  to  be  quite  good.  In  contrast,  when  growth  of  the  cracks  is  not  symmetric 
which  appears  to  be  the  case  when  the  torsional  load  is  small,  the  crack  growth  is  more  rapid, [5] 
as  Fig.  3(b)  illustrates.  When  the  measured  crack  growth  differs  from  the  data  in  the  memory,  a 
prediction  based  on  only  the  first  few  points  may  lead  to  large  errors,  particularly  when  the  memory 
of  the  system  is  sparse.  It  appears  that  under  such  conditions  the  modeler  cannot  properly  predict 
the  crack  growth.  It  may  need  to  be  trained  with  additional  data  that  will  improve  its  capabilities. 
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Crack  Growth  in  Single-Edge-Notched  Specimens 

Since  the  cracks  in  such  specimens  may  influence  each  other,  we  also  completed  a  series  of  fatigue 
crack  growth  measurements  on  specimens  with  single-edge  notches.  These  were  cut  from  2.29  mm- 
thick  sheets  of  2024-T3  and  7076-T6  Al-alloys.  As  before,  the  crack  growth  data  was  collected  on 
specimens  undergoing  tension-tension,  torsion-torsion  fatigue  but  over  a  broader  range  of  maximum 
and  minimum  applied  loads  and  torques  than  before.  A  list  of  the  specimens  and  conditions  under 
which  they  were  tested  is  in  Table  2. 


Table  2:  Single-edge-notched  specimens  tested  and  test  parameters  (P:  axial  load;  T:  applied  torque;  f:  test  fre¬ 
quency).  The  notch  length  data  indicated  by  f  is  the  notch  plus  pre-crack  length.  Specimens  #6  and  #7  were  used 
as ‘unknown’ test  specimens. 


Test 

Number 

Material 

Initial  Crack 
Length  [mm] 

Tmin  T  max 

[N-m] 

f 

[Hz] 

1 

2024-T3  A1 

0.010 

'  8.896  -  31.14 

5.649  -  13.56 

row 

2 

2024-T3  A1 

0.040 

8.896  -  17.79 

0.0  -  0.0 

sm 

3 

2024-T3  A1 

0.040 

8.896  -  17.79 

5.649  -  16.95 

0.4 

4 

2024-T3  A1 

0.020 

8.896  -  26.69 

5.649  -  13.56 

0.4 

5 

2024-T3  A1 

0.030 

13.34  -  22.24 

3.389  -  5.649 

0.4 

6 

2024-T3  A1 

0.050 

8.896  -  17.79 

3.389  -  5.649 

0.4 

7 

7075-T6  A1 

0.046 

8.896  -  17.79 

3.389  -  5.649 

0.4 

8 

7075-T6  A1 

0.016 

8.896  -  17.79 

3.389  -  5.649 

0.4 

9 

7075-T6  A1 

0.029f 

13.34  -  26.69 

5.423  -  9.038 

0.4 

7075-T6  A1 

0.062f 

8.896  -  17.79 

3.389  -  5.649 

0.4 

7075-T6  A1 

0.062f 

13.34  -  22.24 

5.423  -  7.683 

0.4 

10 

7075-T6  A1 

0.037 

13.34  -  22.24 

5.423  -  7.683 

0.4 

The  optically  measured  crack  growth  rate  data  as  a  function  of  crack  length  obtained  on  these 
specimens  is  shown  in  Fig.  4.  This  data  constitutes  the  memory  of  the  modeler.  As  before,  once 
the  memory  of  the  modeler  has  been  developed,  it  can  be  used  to  recover  missing  information  in 
the  data  vectors  (i.  e.  Eq.  (2))  which  are  presented  to  it.  Here  we  wish  to  recover  components  of 
the  missing  property  descriptors,  P,  which  correspond  to  predicting  the  expected  crack  growth 
rate.  Only  the  first  ten,  initial  crack  length  data  values  were  input  to  the  modeler  from  which  the 
remaining  evolution  of  the  crack  growth  was  predicted.  We  show  in  Figs.  5(a)-(b)  the  results  of  two 
blind  experiments. 

These  results  confirm  others  which  show  that  reliable  prediction  of  the  crack  growth  appears  to 
be  only  possible  when  the  input  data  reasonably  closely  corresponds  to  data  already  in  the  memory. 
The  result  of  the  7075-T6  Al-alloy  specimen  which  is  shown  in  Fig.  5(a)  exhibits  good  agreement 
between  the  predicted  and  the  subsequently  measured  crack  growth  curve.  It  happens  that  the  first 
ten  points  of  the  measured  data  used  for  prediction  as  well  as  the  subsequent,  measured  data  closely 
resemble  one  of  the  curves  in  the  memory  which  was  generated  under  similar  loading  conditions  but 
had  a  different  initial  crack  length.  In  that  case,  the  predictive  capability  of  the  automatic  modeler 
based  on  only  the  first  few  points  in  a  crack-growth  curve  seems  to  be  quite  good. 
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Figure  4:  Crack  growth  data  on  2024-T3  and  7075-T6  fatigued  Al-aJloy  specimens  which  was  used  to  develop  the 
modeler  memory. 


Figure  5:  Modeler  prediction  of  crack  growth  data  in  fatigue-loaded  Al-alloy  specimens,  (a)  7075-T6  showing 
excellent  prediction;  (b)  2024-T3  showing  poor  prediction. 
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In  contrast,  the  crack  growth  data  for  the  2024-T3  Al-alloy  specimen  differs  significantly  from 
each  of  the  curves  comprising  the  memory  because  the  test  shown  in  Fig.  5(b)  was  carried  out  under 
loading  conditions  which  differed  significantly  from  those  used  to  produce  the  memory.  It  appears 
that  under  these  loading  conditions  the  modeler  cannot  properly  predict  the  crack  growth.  It  may 
need  to  be  trained  with  additional  data,  such  as  loading  information,  that  also  controls  the  crack 
growth,  in  order  to  improve  its  predictive  capabilities.  Exactly  which  data  or  parameters  are  the 
controlling  factors  in  such  crack  growth  and  thus  need  to  also  be  input  to  the  modeler  is  not  yet 
known  and  this  is  currently  still  under  investigation. 


Predictor-Corrector  Modeler 

In  all  the  foregoing  examples  in  which  the  modeler  was  used  to  predict  the  future  crack  growth,  the 
modeler  operated  as  a  long-term  predictor.  That  is,  a  small  number  of  crack  growth  data  values 
were  used  to  predict  all  of  the  expected,  future  values.  An  alternative  may  be  a  moving  window 
predictor  in  which  a  small  number  of  data  values  are  used  to  predict  one  or  only  a  small  number 
of  expected  future  data  values.  Subsequent  crack  growth  is  predicted  sequentially  by  moving  the 
window  of  predicted  crack  growth  rate  data  step-by-step  ahead.  None  of  these  procedures  continues 
to  improve  the  memory  of  the  modeler. 

The  predictor- corrector  on  the  other  hand,  uses  previously-measured  crack  growth  data  to  pre¬ 
dict  the  crack  growth  expected  for  only  a  small  number  of  steps  ahead.  The  predicted  value  is 
subsequently  corrected  by  the  actual,  measured  value.  This  leads  quite  naturally  to  the  one-step 
ahead  predictor- corrector  in  which  the  modeler  uses  the  measured  crack  growth  data  a  {A:  —  4,  fc  — 
3,  k  —  2,  k  -  1  and  k}  to  predict  the  crack  growth  just  one  step  ahead,  at  {£  +  1}  . 

The  performance  of  these  different  operating  modes  of  the  modeler  is  compared  using  the  data 
previously  shown  in  Fig.  5(b).  This  is  shown  in  Fig.  6  in  which  the  operating  modes  of  the  modeler 
are  used  with  either  five  or  ten  points  initial  points.  And  the  performance  of  each  of  the  operating 
modes  is  shown.  It  is  seen  that  nearly  all  of  the  enhanced  prediction  approaches  result  in  little 
improved  performance  of  the  modeler.  But  the  prediction  obtained  by  the  predictor-corrector 
modeler  with  five  initial  points,  approaches  the  actual,  subsequent,  measured  data  as  the  crack 
length  increases. 


Crack  Prediction  from  a  Material  Property  Data  Base 

For  the  past  several  years  a  round-robin  fatigue  crack  growth  rate  test  program  was  carried  out  using 
“as  received”  as  well  as  “artificially  corroded”  C/KC-135  fuselage  and  upper  wing  skin  materials.  [8] 
The  test  program  investigated  four  materials,  fatigue  tested  in  tension-tension  at  two  levels  of 
humidity  and  two  loading  frequencies.  The  goal  was  to  obtain  data  which  would  provide  a  basis  for 
calculating  the  crack  growth  parameters  of  corroded  and  non-corroded  typical  airframe  materials. 

We  have  obtained  access  to  this  fatigue  crack  growth  data  base  and  have  used  the  data  of 
four  experiments  to  develop  the  memory  of  the  modeler.  This  is  shown  in  Fig.  7(a).  Here  Kmax 
denotes  the  maximum  stress  intensity  factor,  R  is  the  min/max  load  ratio  and  q  is  an  empirical 
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Crack  length  (mm) 

Figure  6:  Performance  enhancement  of  the  modeler  to  predict  fatigue  crack  growth  in  a  2024-T3  Al-alloy  specimen 
which  was  not  residing  in  the  memory  of  the  modeler.  Tension-tension:  2-4  kips;  torsion-torsion:  30-50  lbs-in.  12.42 
Kcycles  to  failure. 

constant.  The  first  five  crack  growth  data  points  of  another  experiment  (same  material,  same  testing 
parameters)  was  then  input  to  the  modeler  to  forecast  the  subsequent  predicted  crack  growth  curve. 
This  is  shown  in  Fig.  7(b).  The  subsequent,  actual  measured  crack  growth  data  is  also  shown  in  the 
figure.  The  agreement  between  the  prediction  and  that  actually  measured  is  excellent.  The  crack 
growth  rate  was  correctly  predicted. 

In  another  repeat  test,  the  fatigue  crack  growth  data  of  specimens  loaded  in  a  corrosive  envi¬ 
ronment,  greater  than  85%  relative  humidity  was  used.  These  results  are  shown  in  Figs.  8(a)  and 
(b).  While  the  data  comprising  the  memory  of  the  modeler  shows  considerably  more  variation,  it 
is  still  able  to  adequately  predict  the  crack  growth  rate  for  another  test  sample. 


CONCLUSIONS 

We  have  described  in  this  paper  a  multi-dimensional,  non-parametric  regression  approach,  or  au¬ 
tomatic  modeler  and  its  use  to  predict  fatigue  crack  growth  in  Al-alloys  under  certain  conditions. 
The  approach  has  been  demonstrated  with  measured  data  as  well  as  existing  data  contained  in  a 
corrosion-fatigue  material  property  data  base.  In  the  measurements  reported  here,  the  crack  growth 
measurements  used  to  generate  the  memory  of  the  modeler  were  obtained  using  direct  optical  mea¬ 
surements.  It  was  found  that  the  prediction  performance  of  the  modeler  is  good  if  the  measured 
input  data  closely  resembles  one  of  the  previous  data  sets  residing  in  the  memory.  An  enhanced 
predictive  performance  can  be  obtained  from  the  modeler  if  a  predictor- corrector  algorithm  is  used. 
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•  B39.1 
A  B44.1 
+  B48.1 
x  B51.1 


•  Measured  data:  Used  for  prediction 
—  Predicted  crack  growth,  >  5  pts  • 

•  Subsequent,  Measured  Data 


(1-R)q  *  K„„  (ksi-(in)  } 


(l-R)q*K„„  (ksi-(in)1'2) 


Figure  7:  2024-T3  Fatigue  data  base:  As-received;  tested  at  15%  relative  humidity;  10  Hz  testing  frequency,  (a) 
Development  of  the  modeler  memory;  (b)  Prediction  of  crack  growth  on  a  specimen  not  included  in  the  memory. 


Measured  data:  Used  for  prediction 
—  Predicted  crack  growth,  >  5  pts 
•  '  Subsequent,  Measured  Data 


(1-R)q  *  (ksi-(in)i/2) 


(1-R)q  *  (ksi-(in)1/2) 


Figure  8:  2024-T3  Fatigue  data  base:  As-received;  tested  at  >85%  relative  humidity;  10  Hz  testing  frequency,  (a) 
Development  of  the  modeler  memory;  (b)  Prediction  of  crack  growth  on  a  specimen  not  included  in  the  memory. 
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Individual  Detection  Theories 
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ABSTRACT 

The  possibility  of  improving  the  performance  of  damage  detection  via  combining  the  predictions  of  more  than 
one  damage  theory  is  explored  in  this  paper.  The  theories,  which  are  utilized  here  to  demonstrate  the  approach 
incorporate  changes  in  the  strain  energy  distribution  of  an  element  and  the  flexibility  distribution  at  a  point  in 
the  structure.  The  basic  elements  of  the  approaches  are  summarized  in  the  generic  sense  that  various  types  of 
measurement  sets  (e.g.,  displacements,  strains,  curvatures,  etc.)  may  be  applied.  The  performance  of  each 
methodology  is  evaluated  using  the  data  generated  in  a  space  structure.  Both  static  and  dynamic  measurements 
are  utilized  to  increase  the  number  of  damage  prediction  sets.  Three  logical  rules  for  combining  the  theories  are 
proposed  and  the  performances  of  these  rules  are  compared  with  the  performance  of  the  individual  theories. 

Keywords:  nondestructive  damage  detection,  combination  of  theories,  flexibility,  strain  energy,  weighted 
general  mean,  performance  evaluation 


1.  INTRODUCTION 

To  date,  researchers  have  invested  considerable  effort  to  identify  and  size  damage  in  mechanical  systems  As  a 
result,  many  non-destructive  damage  detection  (NDD)  theories  have  been  proposed  and  developed  on  various 
grounds  .  These  theories  are  based  on  different  assumptions  and  measures.  The  performance  of  these  theories 
may  be  evaluated  using  such  indicators  as  the  percentage  of  correctly  predicted  locations,  the  percentage  of  false 
positives,  and  the  percentage  of  false  negatives.  Here,  a  false  positive  means  that  damage  is  reported  where  there 
is  no  damage,  and  a  false  negative  means  that  damage  is  not  reported  when  damage  is  indeed  present.  So  far 
however,  it  is  observed  that  no  non-destructive  damage  theory  has  been  shown  to  be  correct  in  all  situations’ 
Each  and  every  one  of  these  theories  has  its  limitations  as  well  as  advantages  when  applied  to  practical 
problems.  These  limitations  may  result  in  an  increase  in  the  relative  number  of  predictions  of  false  positive  and 
false  negative  damage  locations. 

As  a  possible  remedy  to  this  situation,  this  paper  explores  the  possibility  of  combining  the  predictions  of  more 
than  one  damage  localization  theory  to  improve  the  performance  of  the  predictions.  The  motivation  for  this 
approach  is  as  follows:  the  greater  the  number  of  independent  theories  that  are  utilized  in  a  given  prediction,  the 
greater  the  number  of  underlying  physical  principles  that  may  be  included  in  the  exercise,  and,  therefore,’  the 
prediction  of  the  consensus  (or  combination)  of  theories  might  be  more  representative  of  reality. 

Further  author  information  - 
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Two  recently  proposed  damage  theories2  are  selected  for  this  purpose.  One  theory  utilizes  the  changes  in  the 
flexibility  at  a  point  in  the  structure;  the  other  theory  utilizes  the  changes  in  the  strain  energy  of  an  element  of 
the  structure.  Both  static  and  dynamic  measurements  are  utilized  to  double  the  number  of  damage  prediction 
sets.  The  basic  elements  of  the  two  theories  are  summarized  and  the  performance  of  each  methodology  is 
evaluated  using  the  data  generated  in  a  space  structure.  The  damage  in  the  example  structure  is  simulated  by 
reducing  the  elastic  modulus  of  an  element  by  some  known  amount.  Three  ways  of  combining  the  prediction 
sets  are  proposed.  These  combinations,  which  utilize  the  weighted  general  mean  (WGM)  concept3,  represent  the 
extremes  of  fuzzy  union  and  fuzzy  intersection.  The  performances  of  these  rules  are  compared  with  the  damage 
detection  performance  of  the  individual  theories. 

2.  NONDESTRUCTIVE  DAMAGE  DETECTION  THEORIES 


Damage  in  a  structure  may  be  detected  by  utilizing  certain  measures  which  reflect  the  physical  state  of  the 
structure.  These  measures  may  be  dynamic  or  static  displacements,  strains,  curvatures,  or  others.  The  following 
two  theories  -  a  theory  developed  on  the  basis  of  the  flexibility  at  a  point  in  a  structure,  and  a  theory  developed 
on  the  basis  of  the  strain  energy  of  an  element  of  the  structure  -  are  described  here.  Note  that  the  term, 
generalized  displacement,  which  will  appear  in  following  two  theories  may  be  interpreted  either  a  static  or 
dynamic  displacement,  strain,  or  curvature. 


2.1.  Flexibility  Index 

The  governing  differential  equation  for  an  arbitrary  structure  may  be  written  as  follows: 


where  U  is  a  differential  operator;  w  is  a  generalized  displacement;  C  is  a  flexibility  coefficient;  qx,  q2,...,  qB  is  a 
set  of  generalized  coordinates;  and  Q  is  a  generalized  force.  Eq  (1)  can  be  rewritten  for  a  point  j  and  i  =  1,2,...,N 
sets  of  measurements  (e.g.,  mode  shapes  for  dynamic  measurements  and  load  cases  for  static  measurements)  as 


follows: 


(2) 


Similarly  for  a  damaged  structure: 


Uw'(qJi,qJ2,...,qJ„)  =  C'Q,(q(  ,qJ2  ,...,qJ„  ) 


(3) 


where  the  superscript  asterisks  represent  the  parameters  for  the  damaged  structure.  Since  Q,  is  invariant  with 
respect  to  the  undamaged  and  damaged  structures,  a  damage  index,  PJy ,  may  be  formulated  using  Eq  (2)  and  (3) 


as  follows: 

P,J  C  Uwi 


(4) 


To  avoid  the  problem  of  division  by  zero,  which  may  arise  at  a  node  of  a  mode  in  dynamic  measures  or  a 
support  in  static  measure,  we  shift  the  domain  of  interest  in  the  problem  by  adding  unity  to  the  denominator  and 
numerator  of  Eq  (4): 


ps=(uw;+i)/(uw,  +i) 


(5) 
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For  N  sets  of  measurements,  the  following  expression  will  be  a  convenient  form  of  damage  index: 


P,  =(ZUW*  +1)/(SUW/+I) 

1=1  /  /=! 


(6) 


Note  that  the  indices  represented  by  Eqs  (4)  to  (6) 
are  “point”  indices.  Note  also  that,  in  case  of  the 
three  dimensional  truss  problem,  as  shown  in  Figure 
1,  the  point  may  be  taken  as  the  center  point  of  each 
member.  The  damage  index,  (}/,,  for  j*  member  in  i* 
measurement  set  can  be,  therefore,  defined  by 
associating  the  extension  of  the  i*  member  with  the 
center  point,  w,(L/2),  as  depicted  in  Figure  1. 


Figure  1.  Schematic  of  Typical  Truss  Member 


2.2.  Energy  Index 

The  strain  energy  for  a  structure  may  be  written  in  terms  of  a  generalized  displacement  vector,  W,  as  follows: 


U  =  \WtKW 


where  U  is  the  strain  energy  and  K  is  a  generalized  stiffness  matrix.  Fraction  of  the  strain  energy  for  element  j 
and  the  i*  set  of  deformation  measurements  in  a  structure  is  given  by: 


Wj  KWt 


(8) 


where  U,  represents  the  strain  energy  for  i*  set  of  measurements  and  Uy  represents  the  strain  energy  stored  in  j111 
element  for  the  i*  set  of  measurements.  Similarly  for  damaged  structure. 


_  u;  _  w;tk]w; 
u  u]  w;tk'w; 


(9) 


The  contribution  of  the  j*  element  to  the  generalized  stiffness  matrix,  Kj,  in  Eq  (9)  and  (10)  can  be  written  as 
follows: 


Kj^kjDj  (10) 

and 

K)=k]Dj  (11) 

where  kj  is  a  parameter  representing  the  material  stiffness  properties  of  the  j*  member  of  the  structure,  and  D} 
involves  only  geometric  quantities  (and  possibly  terms  containing  Poisson’s  ratio).  The  fraction  of  strain  energy 
for  the  undamaged  and  damaged  structures  are  related  by4: 
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F;=f,+dFs»F#(l-rf*y/*y) 

Substituting  Eqs  (9),  (10),  (11),  and  (12)  into  Eq  (13)  and  solving  for  damage  index,  p; , gives: 


(12) 


P* 


(13) 


W'DjWt 


W’T  DjW- 


where  ftJ  =  '  jj-  —  and  f*  = 


(14) 


Shifting  the  domain  to  avoid  dividing  by  zero  yields  the  modified  damage  index: 

p, -![(/; +D/(/« +i)+,!l  (15) 

When  N  sets  of  measurements  are  used,  the  results  obtained  for  each  set  may  be  superposed  as  follows: 


P,= 


1 


(S/;+i)/(S4+i)+i 

L  M 


/=! 


Note  that  the  damage  index  for  the  energy  method  is  associated  with  an  element. 

3.  DAMAGE  LOCALIZATION 


(16) 


Damage  in  a  structure  can  be  localized  by  utilizing  the  results  from  classification  analysis5.  The  classification 
rule  used  here  utilizes  hypothesis  testing.  The  alternate  (H,)  and  null  (Ho)  hypotheses  are  defined  as  follows: 

H0 :  Element  or  location  j  of  the  structure  is  not  damaged 
H,  :  Element  or  location  j  of  the  structure  is  damaged 

To  perform  the  testing,  the  damage  indices,  which  are  shown  in  Eqs  (5),  (6),  (15),  and  (16),  are  to  be  normalized 
using  the  following  Eq  (17): 


,  =Pj  h.  (17) 

where  z,  is  the  normalized  damage  index  for  j111  location  (element)  for  the  i*  measurement  set,  while  pp  and  ap 
represent  the  mean  and  the  standard  deviation  of  p,/s.  The  probability  density  function  (PDF)  of  normalized 
damage  indices  for  both  damaged  and  undamaged  locations  (elements)  are  depicted  in  Figure  2.  In  Figure  2,  za 
is  the  threshold  value,  and  a  is  the  level  of  significance  of  the  test.  Thus,  the  test  may  be  restated  as  follows: 
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i)  choose  H0  if  Zy  <  za,  or 

ii)  choose  H,  if  Zy  >  za 

Note  that  typical  values  of  a  used  by  the  authors  are 
Zqqj  2.3  26  and  Zqo25  1.96 

Figure  2.  PDF’s  of  Normalized  Damage  Index 

4.  EVALUATION  OF  PERFORMANCE  OF  NDD  THEORIES 

To  evaluate  the  performance  of  the  theories,  appropriate  performance  criteria  must  first  be  provided.  Since  the 
percentage  of  correctly  predicted  locations  is  a  complement  of  the  percentage  of  false  negatives,  two  criteria,  the 
percentage  of  false  positives  and  the  percentage  of  false  negatives,  are  selected  in  this  paper.  The  performance 
indices  for  the  percentage  of  false  positives,  Ip,  and  for  the  percentage  of  false  negatives,  /„,  can  be  calculated  as 
follows: 

Ip  =  100  -  (percentage  of  false  positives),  and 

I„  =  100  -  (percentage  of  false  negatives)  (18) 

Then,  the  overall  performance  index,  Ian,  may  be  obtained  by  weight-averaging  these  indices  as  follows: 

/--fowl  /ly,  a?) 

where  W,  is  the  relative  weight  assigned  to  each  index.  Note  that  W,  is  assigned  in  accordance  with  the  relative 
importance  of  each  performance  criterion.  Since  the  false  negatives  are  more  critical  than  the  false  positives,  the 
false  negatives  are  weighted  three  times  greater  than  the  level  for  the  false  positives. 

5.  COMBINATION  OF  NDD  ALGORITHMS 

For  each  and  every  location  or  element  in  the  structure,  n  predictions  of  damage  can  be  obtained  by  applying  as 
many  NDD  theories  and  measurement  sets.  In  the  two  NDD  algorithms  discussed  in  this  paper,  the  normalized 
damage  index,  zp  may  be  regarded  as  indicators  for  each  location  or  element.  The  concept  of  WGM  can  be 
utilized  as  a  logical  means  for  combining  the  damage  indicators.  For  example,  if  we  have  n  damage  indicators 
for  the  j*  location  (element),  a  probability  measure  of  damage  at  that  location  for  each  theory  may  be  given  by: 

PZj=P(x<Zj)  =  <HZj)  (20) 

where  O (zj)  is  the  normal  cumulative  distribution  function.  We  propose  that  any  n  predictions  may  be  combined 
using  the  following  weighted  generalized  mean  connective: 
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where  y  is  a  parameter  which  identifies  the  type  of  mean  (e.g.,  arithmetic,  harmonic,  geometric,  etc.).  Note  that 
as  y  approaches  +oo,  Pz  approaches  the  maximum  value  of  the  Pz  ’s  (i.e.,  it  is  effectively  assigning  a  probability 

J  A  ^ 

measure  to  a  fuzzy  union).  Conversely,  as  y  approaches  -oo,  Pz  approaches  the  minimum  value  of  the  Pz  ’s  (i.e., 
it  is  effectively  assigning  a  probability  measure  to  a  fuzzy  intersection).  Therefore,  by  varying  y,  we  can' create  a 
full  range  of  logical  filters.  For  the  purpose  of  this  paper,  we  utilize  the  following  three  filters  : 

i)  PZj  =  max  ”=I  ( PZj  )k  (i.e.,  y  -*  +°°) , 

ii)  PZj  =  min  "=1  ( PZj  )*  (i.e.,  y  -*  -  oo) ,  and 

iii)  PZj  =mean”=1  (PZj )k  (i.e., y  =  1) 

These  three  filters  represent  the  extremes  and  the  middle  of  the  WGM  function  given  by  Eq  (21). 

6.  NUMERICAL  EXAMPLE 

The  relative  performance  of  the  two  preceding  NDD  theories  (i.e.,  the  flexibility  and  energy  approaches)  and  the 
three  combination  rules  for  the  theories  are  evaluated  here  using  a  numerical  example  of  space  structure. 

6.1.  Description  of  Example  Structure 

The  schematic  of  the  example  structure,  a  typical  hexagonal  truss,  the  boundary  conditions,  and  the  simulated 
locations  of  damage  are  shown  in  Figure  3.  The  structure  is  190.25  inches  long  and  consists  of  twelve  evenly 
spaced  bays.  It  is  modeled  using  300  elements  and  91  nodes.  The  damages  are  simulated  by  reducing  the  elastic 
modulus  of  corresponding  elements.  The  structure  is  subjected  to  three  damage  scenarios.  The  damage  locations 
and  magnitudes  for  each  scenario  are  summarized  as  follows: 

Damage  case  1  :  reduce  the  stiffness  of  element  87  by  10  %. 

Damage  case  2  :  reduce  the  stiffness  of  element  63  by  5  %  and  element  200  by  3  %. 

Damage  case  3  :  reduce  the  stiffness  of  element  81  by  1  %,  element  128  by  8  % 

,  and  element  187  by  23  % 

To  obtain  the  static  set  of  data,  the  structure  is  subjected  to  five  static  loading  cases.  The  location,  direction,  and 
magnitude  of  the  static  load  for  each  load  case  are  described  as  follows: 

Load  case  1  :  200  lb  at  node  1615  in  z-direction 
Load  case  2  :  200  lb  at  node  1 165  in  x-direction 
Load  case  3  :  200  lb  at  node  1315  in  y-direction 
Load  case  4  :  200  lb  at  node  1320  in  x-direction 
Load  case  5  :  200  lb  at  node  1470  in  y-direction 

Note  that  the  damaged  elements  and  the  locations  of  the  static  loads  are  shown  in  Figure  3. 

6.2.  Damage  Localization  Results 

Static  and  free  vibration  analyses  are  performed  using  the  commercial  FORTRAN  code  (ABAQUS)6.  Since,  to 
the  naked  eye,  the  corresponding  mode  shapes  for  undamaged  and  damaged  structures  are  indistinguishable, 
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only  the  mode  shapes  for  the  undamaged  structure  are  shown  in  Figure  4.  Figures  5  to  7  show  the  damage 
localization  results  of  the  flexibility  and  energy  method  individually  and  three  combination  rules  using  all  5 
modes  or  load  cases.  Note  that  a  95%  confidence  level  is  used  for  the  significance  test.  The  comparative 
performance  of  the  individual  theories  and  the  combinations  are  summarized  in  Table  1  through  3. 

7.  DISCUSSION 

The  overall  indices  used  here  to  evaluate  the  performance  of  a  theory  of  damage  localization  include  the 
percentage  of  false  positives  and  the  percentage  of  false  negatives.  The  percentage  of  correctly  predicted 
locations  is  not  considered  because  it  is  a  complement  of  the  percentage  of  false  negatives.  The  performance  of 
two  basic  theories  using  static  and  dynamic  displacements  are  briefly  summarized  in  Tables  1  through  3.  From 
the  Tables,  the  flexibility  method  tends  to  out-perform  the  energy  method  when  single  mode  or  load  case  as 
well  as  all  five  modes  or  load  cases  are  used.  It  is  also  observed  that  the  performance  of  each  theory  is  better 
when  static  displacements  are  used.  When  three  logical  filters  are  included  in  the  comparison,  the  following 
observations  are  made.  With  respect  to  the  number  of  false  positives,  the  minimum  and  average  probability 
filters  have  the  effect  of  reducing  the  number  of  false  positives.  This  effect  is  visualized  in  Figures  5  through  7. 
With  respect  to  the  number  of  false  negatives,  the  maximum  probability  filter  reduces  the  number  of  false 
negatives  at  the  expense  of  predicting  additional  false  positives. 


Aluminum  Pipe 


•  Pinned  Supports  o  Roller  Supports  (Displacements  only  possible  in  z  direction) 


Figure  3.  Schematic  of  the  Example  Structure 


(a)  1st  transverse  (b)  2nd  transverse  (c)  1st  Torsional  (d)  1st  lateral  (e)  2nd  lateral 

bending  mode  bending  mode  mode  bending  mode  bending  mode 


Figure  4.  Mode  Shapes  of  the  Structure 
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8.  SUMMARY  AND  CONCLUSION 


This  paper  explored  the  possibility  of  the  performance  improvement  via  combining  multiple  damage 
predictions.  The  localization  performance  of  a  damage  theory  was  evaluated  using  the  percentage  of  false 
positive  predictions  and  the  percentage  of  false  negative  predictions.  Two  prominent  damage  theories  were 
considered.  One  theory  utilizes  the  changes  in  the  flexibility  at  a  point  in  the  structure;  the  other  theory  utilizes 
the  changes  in  the  strain  energy  of  an  element  of  the  structure.  Both  static  and  dynamic  measurements  were 
utilized  to  yield  four  damage  prediction  sets.  Three  ways  of  combining  the  four  prediction  sets  were  considered. 
These  combinations,  which  were  based  on  the  generalized  mean  concept,  represented  the  extremes  of  fuzzy 
union  (maximum  probability  filter),  fuzzy  intersection  (minimum  probability  filter)  ,  and  an  arithmetic  mean 
connective  (average  probability  filter).  The  performances  of  the  combination  rules  were  examined  via  a 
numerical  example  utilizing  a  space  structure.  Three  major  findings  can  be  reported  here.  First,  the  minimum 
probability  filter  reduces  the  number  of  false  positives  at  the  expense  of  increasing  the  number  of  false 
negatives.  Second,  the  maximum  probability  filter  reduces  the  number  of  false  negatives  at  the  expense  of 
increasing  the  number  of  false  positives.  Thus,  these  two  filters  form  two  extremes,  but  the  maximum 
probability  filter  yields  better  performance  in  almost  all  cases  because  it  minimizes  the  percentage  of  false 
negatives.  Finally,  the  average  probability  filter  reduces  the  number  of  false  positives  (as  in  the  case  of  the 
minimum  probability  filter),  but  slightly  decreases  the  number  of  false  negatives  (when  compared  to  the 
minimum  probability  filter).  Thus,  on  the  basis  of  these  results,  it  can  be  concluded  that  the  combination  of 
damage  detection  theories  can,  in  fact,  improve  the  overall  performance  of  damage  detection. 
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Figure  5:  Damage  Localization  Results  for  Damage  Case  1 
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Figure  6:  Damage  Localization  Results  for  Damage  Case  2 
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(c)  Strain  Energy  (Static)  :  5  Load  Cases 
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(e)  Minimum  Probability  Filter 
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(b)  Flexibility  (Dynamic) :  5  Modes 
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(d)  Flexibility  (Static) :  5  Load  Cases 
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Figure  7:  Damage  Localization  Results  for  Damage  Case  3 
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DISCUSSION 


Improved  Nondestructive  Damage  Detection 
via  Combining  Individual  Detection  Theories 


Speaker:  Choi 

There  are  two  ways  in  which  two  theories  can  be  “different”:  (1)  one  can  be  right  and  one 
wrong  (or  both  wrong),  so  method  should  tell  which;  (2)  both  can  be  right,  but  address 
different  aspects  of  the  problem,  so  method  should  tell  how  to  best  combine  them.  Does  your 
method  address  (1)  or  (2)  or  both?  — Mel  Siegel 

We  assume  that  both  theories  are  correct  but  address  different  aspects  of  the  problem. 
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X.  Deng  ,  Q.  Wang,  C.  A.  Rogers,  V.  Giurgiutiu,  and  M.  A.  Sutton 

Center  for  Mechanics  of  Materials  and  NDE,  Department  of  Mechanical  Engineering 
University  of  South  Carolina,  Columbia,  SC  29208 


ABSTRACT 

In  this  paper  we  discuss  our  recent  effort  in  applying  the  wavelet  transform  to  structural 
amage  detection  studies.  Our  effort  is  directed  at  monitoring  the  structural  health  of  helicopter 
rotor  blades  (which  may  suffer  from  several  types  of  crack-like  damage)  by  analyzing  NDE  signals 
obtained  from  rotor-blade  structures  with  the  wavelet  transform.  The  results  presented  here  are 
limited  to  wavelet  transforms  of  simulated,  spatially  distributed  deformation  signals.  The  results 
show  that  perturbations  in  the  spatial  signals  induced  by  crack-like  damage  contain  inherent 
features  that  can  be  enhanced  and  detected  by  the  wavelet  transforms  of  the  signals.  Work  is  also  in 
progress  in  developing  wavelet-based  damage  detection  methods  using  wave  propagation  signals. 

Keywords:  damage  detection,  health  monitoring,  wavelet  transform,  rotor  blades. 


1.  INTRODUCTION 

The  objective  of  a  damage-detection  and  health-monitoring  system  in  structural  applications 
is  to  detect  structural  damage  in  a  structure  before  it  seriously  affects  the  performance  and  integrity 
of  the  structure.  A  particular  application  that  is  of  interest  to  us  is  the  detection  of  crack-like 
damage  in  helicopter  rotor  blades. 


Because  rotor  blades  provide  the  necessary  flight  driving  force  for  a  rotorcraft,  their 
structural  integrity  is  of  critical  concern.  However,  depending  on  the  type  of  construction  a  rotor 
blade  may  suffer  from  several  types  of  crack-like  damage.  If  not  detected  early,  rotor-blade  damage 
could  lead  to  excessive  helicopter  vibration  and  even  catastrophic  failure.  Furthermore,  an  early 
detection  of  rotor-blade  damage  can  also  keep  the  maintenance  cost  down — the  repair  cost  for  a 
blade  is  usually  a  small  fraction  of  its  replacement  cost. 

Recently  we  have  been  working  with  the  South  Carolina  Army  National  Guard  to  develop 
damage  detection  methods  for  helicopter  rotor  blades.  Our  goal  is  to  seek  methods  that  can  quickly 
and  automatically  provide  structural  damage  information  using  sensor  signals  obtained  from  rotor 
blades,  without  relying  on  heavy  structural-analysis  or  optimization  computations.  To  this  end,  it 
appears  that  a  particularly  promising  class  of  methods  may  be  developed  based  on  the  wavelet 
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transform  theory.  The  wavelet  transform  provides  a  desirable  signal-processing  tool  for  extracting 
embedded  features  in  a  signal  and  for  detecting  local  perturbations  in  a  signal. 

A  recent  literature  survey  by  us  reveals  that  the  wavelet  transform  has  been  applied  to 
structural  vibration  signals  to  detect  localized  damage  in  gears1'3.  However,  it  is  not  clear  how  to 
use  the  wavelet  transform  to  analyze  vibration  signals  to  extract  damage  information  for  general 
structures  without  relying  on  extensive  structural-analysis  or  optimization  computations. 

Our  current  effort  is  directed  towards  the  detection  of  crack-like  damage  by  applying  the 
wavelet  transform  to  spatially  distributed  signals  and  wave-propagation  signals.  While  work  is  in 
progress  with  wavelet  analysis  of  wave  signals,  preliminary  results  have  been  obtained  for  wavelet 
analysis  of  spatial  signals.  These  results  are  based  on  numerically  simulated  displacement  signals 
for  cracked  plates  and  beams,  and  are  used  to  demonstrate  that  crack-like  damage  induces  spatial 
perturbations  whose  features  can  be  enhanced  and  detected  by  the  wavelet  transform. 


2.  WAVELET  ANALYSIS 

Wavelet  analysis  is  related  to  but  also  distinct  from  Fourier  analysis.  In  Fourier  analysis,  a 
signal  is  analyzed  for  its  frequency  composition.  In  a  non-windowed  Fourier  transform,  the  whole 
history  of  the  signal  is  used  and  the  frequency  composition  obtained  is  averaged  over  the  whole 
history.  The  disadvantage  is  that  there  is  no  time  resolution  in  the  frequency  composition.  In  a 
windowed  Fourier  transform,  only  the  part  of  the  signal  history  that  fits  into  a  window  centered  at  a 
time  of  interest  is  used  and  the  frequency  composition  obtained  is  averaged  over  the  width  of  the 
window.  This  moving  window  gives  the  frequency  composition  a  better  time  resolution,  at  the  price 
of  losing  some  frequency  resolution. 

In  wavelet  analysis,  on  the  other  hand,  a  signal  is  decomposed  into  basis  functions  called 
wavelets.  Unlike  sine  and  cosine  functions,  wavelets  are  functions  with  compact  support,  in  the 
sense  that  they  decay  to  zero  outside  a  certain  interval  (called  support).  As  such,  a  position  can  be 
assigned  to  every  wavelet  to  denote  its  region  of  support.  Besides  their  positions,  wavelets  also 
come  with  various  scales.  At  a  fine  scale,  the  wavelets  are  very  narrow,  and  at  a  coarse  scale,  the 
wavelets  are  stretched  out.  It  is  the  position  and  scale  of  the  wavelets  that  allow  desirable 
combinations  of  time  and  frequency  resolutions  of  a  signal.  In  the  text  below,  we  give  a  brief  (and 
not  necessarily  rigorous)  mathematical  description  of  the  wavelet  transform.  More  formal 
descriptions  can  be  found  in  relevant  references,  such  as  those4*7  cited  in  this  paper. 

Let  f(t)  be  a  signal  of  interest  in  the  domain  (-<»,+<»).  Let  y{t)  be  a  complex-valued 
function  localized  in  both  time  and  frequency  domains.  We  call  y(t)  a  mother  wavelet  and 
generate  wavelets  from  y  (t)  by  operations  of  translation  and  dilation,  as  follows 


where  a  is  called  the  dilation  parameter  and  b  the  translation  parameter.  The  mother  wavelet  must 
satisfy  the  admissibility  condition  below 
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(2) 


j~)y/*(cof- y< 

J~°  0) 

where  ip*  (a)  is  the  Fourier  transform  of  y  (t) .  The  wavelet  transform  of  fit)  is  then  defined  by 

ca.b  =E/  (*)^(*)rt  (3) 

where  the  over-bar  denotes  the  complex  conjugate  of  a  function.  The  wavelet  transform  ca  h  is  also 
called  the  wavelet  coefficient  for  the  wavelet  yab.  If  necessary,  the  original  signal /(r)  can  be 
reconstructed  by  the  inverse  wavelet  transform 

...  r+-r+-  dadb 

/(0  =  J  J  c^y/^-Y-  (4) 

a 

Although  wavelets  are  usually  used  to  analyze  signals  in  the  time  domain,  spatially 
distributed  signals  can  also  be  represented  with  wavelets.  Without  loss  of  generality,  we  consider  a 
spatial  signal  fix)  defined  on  [0,1],  where  x  refers  to  a  spatial  coordinate.  For  example,  this  signal 
can  be  a  displacement  or  strain  measurement  over  a  region  of  interest  for  a  structure  under  static  or 
dynamic  loading.  Note  that  this  region  of  interest  (assuming  it  is  one-dimensional  for  the  purpose  of 
this  paper)  can  always  be  normalized  to  occupy  [0,  1],  By  choosing  orthogonal  wavelets  that  are 
localized  in  [0,  1],  the  signal  can  be  decomposed  into  the  following  wavelet  series, 

f(x)  =  c0  +XXcm4#m(jc)  (5) 

y=0  k=0 

where  c0  is  the  average  value  of  fix)  over  [0,1],  and  yjk  is  generated  from 

y/jk(x)  =  2J,2ifr(2jx-k)  (6) 

In  this  paper,  we  will  analyze  spatial  signals  with  the  Haar  wavelets8,  which  are  the  simplest 
orthonormal  wavelets,  where  the  mother  Haar  wavelet  is  defined  by  y{x)=\  if  0<x<l/2,  y(x)  =  -1 
if  l/2<r<l,  and  y(x)  =0  otherwise.  The  coefficients  for  the  wavelets  in  Eq.  (5)  can  be  written  as 

cj.k  =  IfixWjfixfdx  (7) 


3.  DAMAGE  DETECTION 

An  advantage  of  the  wavelet  decomposition  in  Eq.  (5)  is  that  finer  details  of  a  signal  can  be 
represented  by  finer  scale  wavelets.  Because  of  this  multi-resolution  property  of  the  wavelet 
decomposition,  local  perturbations  in  a  signal  can  be  detected  by  fine-scale  wavelets  (those  with 
relatively  large  j  values  in  Eq.  (5))  positioned  (given  by  the  k  values  in  Eq.  (5))  at  the  locations  of 
the  perturbations.  In  other  words,  one  can  determine  the  perturbation  sites  in  a  signal  by  examining 
the  variations  of  the  wavelet  coefficients  with  their  position.  In  principle,  this  idea  forms  the  basis 
for  detecting  damage  with  spatially  distributed  signals. 
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In  the  following,  we  will  present  simulation  results  based  on  displacement  signals  computed 
by  the  finite  element  method  along  line  segments  near  crack-like  damage.  The  results  indicate  that 
the  wavelet  transform  can  enhance  the  signals  and  reveal  the  crack-tip  locations,  and  that  it  may  be 
used  for  structural  damage  detection  provided  the  signals  contain  local  perturbations  caused  by  the 
presence  of  damage  (e.g.  cracks)  over  the  region  where  the  signals  are  collected.  Such  signals  may 
be  obtained  from  surface  or  internal  measurements  of  displacement,  strain,  or  other  quantities 
whose  values  can  be  disturbed  by  the  presence  of  damage. 

The  procedure  for  this  damage  detection  method  is  as  follows.  First,  collect  spatially 
distributed  signals  over  an  area  of  interest.  Second,  perform  the  wavelet  transform  to  the  signal  to 
obtain  wavelet  coefficients  for  fine-scaled  wavelets  (e.g.  wavelets  of  scales  j— 8  or  higher).  The 
reason  why  fine-scale  wavelets  must  be  used  is  that  only  wavelets  of  sufficient  levels  will  be  able  to 
detect  local  variations  in  a  signal.  Third,  for  each  level  of  wavelets,  plot  the  value  of  the  wavelet 
coefficients  in  the  region  spanned  by  the  corresponding  wavelets.  Fourth,  examine  the  distributions 
of  the  wavelet  coefficients  at  each  level.  A  sudden  change  (e.g.  a  spike)  in  the  distribution  of  the 
wavelet  coefficients  signifies  a  strong  local  perturbation  in  the  signal  in  the  region  spanned  by  the 
corresponding  wavelet.  If  a  detected  perturbation  is  not  caused  by  a  known  source  (such  as  a  known 
geometric  or  material  discontinuity),  then  it  will  be  attributed  to  the  presence  of  damage  at  or  near 
the  site  of  the  perturbation. 

In  the  first  example,  we  consider  a  large  plate  containing  a  through-thickness  central  crack 
under  remote  uniform-tension  loading,  as  shown  in  Fig.  1(a).  The  finite  element  method  is  used  to 
calculate  the  displacement  response  of  the  plate,  and  the  displacement  distribution  along  some  line 
segments  (see  Fig.  1(b))  near  the  crack  is  collected.  Figure  2  shows  the  displacement  component 
variations  with  the  y-coordinate  along  a  vertical  line  segment,  where  the  crack-tip  location  is 
indicated  by  a  dip  in  the  ux  displacement  component  at  y=0.  However,  the  crack-tip  location  is  not 
evident  from  the  variation  of  the  uy  component.  Now  both  of  the  displacement  component 
variations  are  processed  with  the  wavelet  transform.  In  Fig.  3,  the  magnitude  of  the  wavelet 
coefficients  is  plotted  against  the  position  of  the  wavelets  along  the  y-axis  for  wavelets  of  scales  6 
and  10.  It  is  clear  from  Fig.  3  that  the  wavelet  transform  is  able  to  enhance  the  signals  and  provide 
strong  indicators  for  the  crack  tip  location. 

In  the  second  example,  a  cantilever  beam  is  considered  (see  Fig.  4).  The  beam  contains  a 
transverse  edge  crack  at  the  mid-span  and  is  loaded  by  a  point  force  at  the  free  end.  The  beam 
response  is  solved  by  the  finite  element  method  under  plane  strain  conditions.  The  resulting 
displacement  response  along  the  bottom  surface  of  the  beam  is  shown  in  Fig.  4.  The  displacement 
response  is  then  processed  with  the  wavelet  transform,  and  the  results  for  wavelets  of  scales  9  and 
10  are  given  in  Figs.  5  (a)  and  (b).  The  crack  location  is  identified  as  marked  by  the  arrows. 

Finally,  the  cantilever  beam  in  the  previous  example  is  modified  to  contain  a  subsurface 
crack  near  the  bottom  surface  of  the  beam,  as  shown  in  Fig.  6,  where  the  displacement  response  of 
the  beam  along  the  bottom  surface  is  also  given.  Figure  7  then  shows  the  result  of  the  wavelet 
transform  at  scale  10.  Both  tips  of  the  subsurface  crack  are  identified,  as  indicated  by  the  arrows. 
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4.  CONCLUSION 


This  paper  presented  preliminary  results  of  a  recent  study  of  wavelet-based  damage 
detection  methods  that  may  be  applicable  to  rotorcraft  blade  structures.  In  particular,  the  wavelet 
transform  has  been  applied  to  simulated  displacement  signals  from  plate  and  beam  structures 
containing  crack-like  damage.  The  results  show  that  perturbations  in  a  spatially  distributed  signal 
caused  by  crack-like  damage  contain  inherent  features  that  can  be  enhanced  and  detected  by  the 
wavelet  transform.  Further  research  is  needed  in  order  to  demonstrate  the  practicality  of  damage 
detection  methods  based  on  wavelet  analyses  of  sensor  signals  without  relying  on  intensive 
structural  analysis  and  optimization  computations. 


ACKNOWLEDGMENTS 

The  authors  acknowledge  the  support  and  cooperation  of  the  South  Carolina  Army  National 
Guard  (project  coordinator:  Lemuel  Grand).  This  study  was  supported  in  part  by  an  NSF/EPSCoR 
grant  through  Cooperative  Agreement  No.  EPS-9630167  and  by  a  grant  from  the  South  Carolina 
Space  Grant  Consortium. 


REFERENCES 

1 .  Staszewski,  W.  J.  and  Tomlinson,  G.  R.  “Application  of  the  wavelet  transform  to  fault  detection 
in  a  spur  gear,”  Mechanical  Systems  and  Signal  Processing,  Vol.  8,  No.  3,  pp.  289-307,  1994. 

2.  Wang,  W.  J.  and  McFadden,  P.  D.  “application  of  wavelets  to  gearbox  vibration  signals  for 
fault  detection,”  Journal  of  Sound  and  Vibration,  Vol.  192,  pp.  927-939,  1996. 

3.  Wang,  W.  J.  and  McFadden,  P.  D.  “Application  of  orthogonal  wavelets  to  early  gear  damage 
detection,”  Mechanical  Systems  and  Signal  Processing,  Vol.  9,  pp.  497-508, 1996. 

4.  Daubechies,  I.  “Orthonormal  bases  of  compactly  supported  wavelets,”  Comm.  Pure  and 
Applied  Maths,  Vol.  XLI,  pp.  909-996,  1988. 

5.  Mallat,  S.  “A  theory  for  multi-resolution  signal  decomposition:  the  wavelet  representation,” 
IEEE  Trans.  Pattern  Anal.  And  Machine  Intell.,  Vol.  1 1,  pp.  674-693, 1989. 

6.  Daubechies,  I.  ‘The  wavelet  transform,  time-frequency  localization  and  signal  analysis,”  IEEE 
Trans.  On  Information  Theory,  Vol.  36,  pp.  961-1005,  1990. 

7.  Chui,  C.  K.  An  Introduction  to  Wavelets.  Academic  Press,  San  Diego,  1992. 

8.  Haar,  A.  “Zur  Theorie  der  Orthogonalem  Funktionensysteme,”  Math.  Ann.,  Vol.  69,  pp.  331- 
371,  1910. 


41 


h  A  y 

^ - .. 

f 

T 

> 

CL 

> 

_ It _ 

(b) 


Fig.  1  (a)  A  large  plate  with  a  center  crack  under  remote 
uniform  tension  loading;  (b)  vertical  and  horizontal  line 
segments  along  which  the  displacement  response  will  be 
obtained  and  used  in  wavelet  analysis. 
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Fig.  3  Wavelet  transforms  of  (a)  u*  and  (b)  uy  in  Fig.  2  at  scales  6  and  10. 


Fig.  4  Elastic  displacement  response  of  a  cantilever  beam  with  a  transverse  crack  at  mid¬ 
span  and  under  a  static  load  at  the  free  end,  where  beam  length=0.5  m,  width=75  mm, 
a/H=l/3,  H=75  mm,  and  P=878  kN,  with  conventional  steel  properties. 
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Fig.  5  Wavelet  transforms  of  (a)  ux  and  (b)  uy  in  Fig.  4  at  scales  9  and  10. 
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Fig.  6  Elastic  displacement  response  of  a  cantilever  beam  with  a  longitudinal  sub-surface 
crack  at  mid-span  and  under  a  static  load  at  the  free  end,  where  beam  length=0.5  m, 
width=75  mm,  crack  length=50  mm,  h/H=l/4,  H=75  mm,  and  P=878  kN,  with 
conventional  steel  properties. 


Fig.  7  Wavelet  transforms  of  (a)  ux  and  (b)  uy  in  Fig.  6  at  scale  10. 
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Remote  and  automated  inspection:  status  and  prospects* 
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ABSTRACT 

Remotely  or  automatically  operated  vehicles  (mobile  “robots”)  for  deploying  visual  and  NDI  inspection 
equipment  are  critically  reviewed.  After  a  brief  introduction,  reasons  for  using  robots  for  aircraft  skin 
inspection  are  reviewed.  General  design  scenarios  for  robotic  systems  are  then  reviewed.  Actual  designs 
for  five  substantial  US  efforts  are  then  described  and  illustrated,  and  the  performance  of  these  designs  is 
discussed.  Some  smaller  US  and  overseas  efforts  are  mentioned  briefly.  The  closing  section  discusses  the 
lessons  of  efforts  to  date  and  suggests  a  course  of  action  for  the  future. 

KEYWORDS:  automated  robot  visual  NDI  inspection  ANDI CIMP  MACS  ROSTAM  AutoCrawler 

1.  INTRODUCTION 

Since  1989  at  least  five  experimental  “robots”  for  remote  (and  to  some  extent  automated)  inspection  of 
aircraft  have  been  built  in  the  US.  Three  were  built  at  universities  (one  at  Wichita  State1,2  and  two  at 
Carnegie  Mellon  (CMU)),6,8  one  at  a  NASA  facility  (JPL),11  and  one  privately  (AutoCrawler  LLC).14 
These  efforts  have  been  supported  by  the  FAA, 1,2,6  the  Air  Force,1 1  the  State  of  Pennsylvania,8  Boeing,1 

private  entrepreneurs,8,14  and,  in  kind  if  not  in  cash,  by  US  Airways6,8  and  Northwest  Airlines.8  Outside 
the  US,  the  Singapore  Air  Force  is  currently  supporting  a  substantial  local  effort  for  robotic  underwing 
inspection  of  F-5  aircraft,15  and  there  are  persistent  rumors  of  one  or  more  ongoing  efforts,  particularly  in 
Japan,  that  are  not  being  reported  in  the  open  literature.  In  addition,  several  university  and  commercial 
groups  have  designed  and  built  robots  for  specific  or  generic  “wall  climbing”  applications  and  mentioned 
aircraft  inspection  as  possible  future  uses  of  their  devices. 

In  the  aggregate,  the  five  US  prototypes  have  demonstrated  all  of  the  technical  capabilities  needed  to 
implement  a  robotically  assisted  inspection  system:  measurement  (NDI  sensors,  and  cameras  for  remote 
visual  inspection),  manipulation  (actuators  that  can  place,  guide,  and  scan  the  sensors),  mobility  (a 
vehicular  platform  that  can  negotiate  the  aircraft  surface),  and  monitoring  (signal  acquisition,  data 
processing,  and  information  display).  However  no  one  has  demonstrated  all  these  “4M-s”  at  once. 
Probably  only  one  of  the  robots  (the  second  of  the  two  developed  at  CMU)  has  actually  delivered  to  an 
aircraft  inspector  in  the  field  anything  that  could  with  a  straight  face  be  called  useful  inspection  data. 

This  paper  focuses,  more  sharply  in  hindsight  than  was  possible  in  foresight,  on  why  building  an  aircraft 
inspection  robot  that  actually  delivers  useful  data  has  proven  so  difficult.  In  the  course  of  reviewing  the 
rationale  for  robotic  deployment  of  NDI  equipment  for  aircraft  inspection  and  describing  the  major 
research  efforts  to  date,  it  elucidates  how  universal  issues  in  teleoperation  and  automation  are  manifest 
specifically  in  the  aircraft  inspection  environment.  In  describing  the  five  major  and  several  minor  efforts, 
CMU’s  contributions  of  necessity  emphasized,  as  they  are  best  known  to  the  author  personally,  and  also 
most  thoroughly  documented  in  print;  however  it  is  my  goal  to  be  as  comprehensive  as  openly  available 
knowledge  permits.  The  paper  concludes  by  outlining  a  path  to  a  comprehensive,  economical,  and 
culturally  acceptable  system  for  remote  automation-assisted  deployment  of  NDI  and  enhanced  visual 
inspection  equipment. 


*  This  is  an  updated  version  of  my  paper  of  the  same  title  presented  at  the  First  Joint  DoD/FAA/NASA  Conference  on 
Aging  Aircraft,  1997  July  08-10,  Ogden  UT. 
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2.  WHY  USE  ROBOTS  FOR  AIRCRAFT  INSPECTION? 

Numerous  hypothesized  advantages  of  computer  controlled  mobile  remote  deployment  platforms  (for 
short,  “robots”)  for  aircraft  inspection  instruments  and  remote  cameras  for  visual  inspection  have  been 
expounded  at  length  elsewhere,  so  here  I  will  mention,  briefly,  only  the  arguments  my  personal 
experience  has  led  me  to  believe  are  most  realistic  and  realizable.  The  key  arguments  relate  to 
thoroughness,  correctness,  and  recordability.  Some  early  arguments  that  I  and  others  offered,  particularly 
those  relating  to  allegedly  increased  bodily  safety  of  the  inspectors  and  other  advantages  of  “getting  the 
man  off  the  airplane,”  I  have  come  to  think  are  less  important  as  the  likely  deployment  scenario  (primarily 
during  heavy  maintenance)  and  the  personalities  of  the  inspectors  (they  enjoy  being  on  the  airplanes) 
have  been  clarified  by  probing  discussions  and  actual  field  experience. 

2.1.  Thoroughness 

The  robot  will  cover  the  programmed  inspection  path  or  area  completely,  with  a  uniformly  high  level  of 
concentration,  and  it  will  remember  the  result  faultlessly. 

2.2.  Correctness 

The  robot  will  deploy  the  correctly  set  up  inspection  instrument  using  exactly  the  programmed 
deployment  protocol. 

2.3.  Recordability 

The  robot  will  faultlessly  see  and  remember  the  outcome  of  every  observation.  Thus  the  correct  data  will 
always  be  available  for  interpretation  (by  computer  software  or  by  human  experts),  the  location  on  the 
airplane  where  the  data  were  obtained  will  always  be  known  exactly  (enabling  advanced  “C-scan”  image- 
accumulation-and-display  whatever  the  sensor),  and  precise  trend  analysis  over  arbitrary  time  periods 
will  be  possible  (enabling  better  understanding  of  the  development  and  evolution  of  problems,  and 
allowing  the  operator  and  the  regulatory  authorities  to  choose  statistically  appropriate  inspection 
intervals).* 

3.  DESIGN  SCENARIOS  FOR  ROBOTS  FOR  AIRCRAFT  INSPECTION 
3.1.  Three  basic  designs 

Imagining  systems  that  could  bring  the  advantages  of  robots  and  automation  technology  to  the  field  of 
aircraft  inspection,  especially  skin  inspection,  leads  to  three  scenarios  to  which  I  attach  the  pictorial 
labels  “ car  wash,"  “ cherry  picker,"  and  “ skin  crawler .” 

The  car  wash  scenario  imagines  a  central  facility  dedicated  to  inspection:  aircraft  are  flown  in  specifically 
for  inspection  “with  a  fine  tooth  comb.”  In  this  scenario  inspection  can  be  carried  out  without  interference 
from  operations,  maintenance,  or  anything  else.  Under  these  ideal  circumstances,  the  technically  most 
excellent  job  can  probably  be  accomplished  by  a  gantry  robot  arrangement,  like  a  huge  automatic  car 
wash,  from  which  extremely  precise  deployment  of  a  variety  of  inspection  devices  can  be  carried  out 
unhurriedly  and  thoroughly.  The  conflict  that  this  scenario  presents  for  economical  operation  in  the 
civilian  sector  (and  perhaps  for  mission  readiness  in  the  military  sector)  probably  makes  it  impractical 
despite  its  technical  superiority  over  all  alternatives. 

The  cherry  picker,  in  contrast  to  the  car  wash,  imagines  bringing  the  inspection  apparatus  to  the  airplane 
rather  than  the  reverse.  In  this  scenario  a  vehicle-mounted  cherry  picker,  of  the  sort  used  for  a  variety  of 
operations  in  typical  maintenance  and  inspection  hangars,  is  used  to  deploy  inspection  devices  in  much 
the  same  manner  as  in  the  car  wash  scenario:  in  both,  mobility  and  manipulation  use  separate 
mechanisms  and  operate  at  substantially  different  scales.  In  the  big  picture,  the  cherry  picker  is  much  less 
disruptive  of  normal  operations  than  is  the  car  wash.  However  discussions  with  responsible  individuals  in 
the  civilian  sector  uncover  substantial  objections  to  this  method.  Objections  are  primarily  on  two 


*  It  will  of  course  not  escape  the  estute  reader  that  the  legal  departments  of  commercial  airlines  may  not  regard  recordability  and 
recording  as  desirable  features;  in  the  military  aviation  sector,  however,  they  are  usually  regarded  positively. 
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grounds,  first  the  fear  that  an  automatically  or  teleoperated  cherry  picker  will  collide  with  and  damage  the 
aircraft  under  inspection,  and  second  the  complaint  that  the  floor  space  around  an  airplane  undergoing 
heavy  maintenance  and  inspection  is  too  busy  and  too  cluttered  to  tolerate  the  routine  intrusion  of  a 
cherry  picker.  I  don’t  yet  know  whether  the  same  objections  exist,  or  exist  as  strongly,  in  the  military 
sector. 

Given  the  substantial  operational  and  economic  objections  to  the  car  wash  and  the  cherry  picker,  we  are 
left  with  only  the  skin  crawler:  a  small  self-mobile  device  that  adheres  to  the  aircraft  skin  and  maneuvers 
under  some  mix  of  teleoperation  and  autonomous  control  to  carry  out  a  sequence  of  inspections  at  a 
sequence  of  locations.  In  this  scenario  the  line  between  mobility  and  manipulation  may  be  fuzzy,  as  some 
actuators  may  be  used  both  to  move  the  vehicle  and  to  scan  the  sensors.  From  the  operational  perspective 
a  small  skin  crawler,  particularly  one  without  a  tethering  umbilicus,  is  ideal:  an  inspector  affixes  it,  at 
shoulder  height,  to  the  airplane  at  any  convenient  ground  location,  it  crawls  wherever  it  needs  to  go  and 
does  whatever  it  needs  to  do,  then  it  returns  to  the  original  or  another  ground  accessible  place  where  the 
inspector  removes  it.  Everyone  likes  this  idea.  The  problem  is  that  building  a  crawler  that  will  be  practical 
in  the  aircraft  inspection  environment  is  easier  said  than  done! 

3.2.  Why  skin  crawlers  are  hard,  and  the  consequences 

It  is  not  easy  to  make  a  skin  crawler  because  a  crawler  needs  to  adhere  to  the  airplane,  and  the  only 
practical  way  to  make  it  both  adherent  and  mobile  is  to  use  suction  cups.  Although  passive  suction  cups 
are  a  possibility,  operational  and  safety  considerations  demand  active  suction  cups,  i.e.,  suction  cups  that 
depend  on  a  vacuum  supply.  Elementary  analysis  shows  that  the  power  required  to  obtain  the  necessary 
vacuum  pumping  speeds  for  a  reasonable  operating  time  exceeds  what  is  available  from  any  practical  on¬ 
board  energy  storage  system.  So  the  only  alternative  is  an  umbilicus  carrying  a  vacuum  hose  or,  better,  an 
air  hose  that  can  generate  vacuum  on  board  via  venturi-effect  “ejectors”.  The  problem  is  that  the 
umbilicus  gets  in  the  way  of  the  easy  mobility  contemplated  in  the  previous  paragraph.  Even  worse, 
managing  the  umbilicus  becomes  a  frustrating,  expensive,  often  simply  intractable  problem:  the 
umbilicus  literally  becomes  the  tail  that  wags  the  dog. 

As  a  consequence  I  can  say  with  reasonable  confidence  that  no  group  anywhere  in  the  world  has 
succeeded  in  building  a  generally  mobile  skin  crawling  robot  for  aircraft  inspection  that  has  actually 
delivered  useful  inspection  data:  all  the  effort  has  gone  into  the  mobility,  leaving  no  time  or  resources  for 
developing  a  useful  inspection  capability.  The  efforts  that  I  know  about,  which  I  believe  are  all  that  have 
occurred,  are  summarized  in  Section  4. 

3.3.  An  INTERIM  WAY  OUT 

In  particular,  recognizing  the  difficulty  of  the  general  mobility-with-umbilicus  problem,  yet  wanting 
desperately  to  demonstrate  the  value  of  remote  inspection  technology  (in  part  as  a  rationale  for 
continuing  to  work  on  the  mobility  problem),  my  group  recently  built  a  robot  of  limited  mobility, 
restricted  to  the  crown  of  a  DC-9  or  737  (or  larger)  aircraft,  minimizing  the  mobility  problem  so  we  could 
concentrate  on  the  inspection  problem.  The  project  and  results,  yielding  a  robot  called  CIMP,  the  Crown 
Inspection  Mobile  Robot,  are  reported  in  Section  4.5. 

4.  A  ZOO  LOAD  OF  CRAWLERS 
4.1.  ROSTAM  I  THROUGH  IV:  WICHITA  STATE  UNIVERSITY 

Benham  Bahr  and  his  students  at  Wichita  State  University,  Wichita  KS  may  have  been  the  first  to  describe 
a  family  of  robots  specifically  conceived  to  carry  NDI  sensors  and  video  cameras  for  aircraft  skin 
inspection.  With  FAA  support  (Prof.  Bahr  spent  several  summers  at  the  FAA  Technical  Center  in  Atlantic 
City  coordinating  aspects  of  the  Aging  Aircraft  Research  program),  they  built  the  series  of  wall  climbing 
robots  ROSTAM  I  through  IV.  Aircraft  inspection  was  addressed  as  first  among  many  possible 
applications  for  a  generic  suction-cup-based  crawler. 
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The  series  is  notable  for  a 
design  that  uses  one  very 
large  diameter  suction  cup  on 
its  “belly”  and  a  smaller 
suction  cup  on  each  “leg”  (or 

“arm”).  ROSTAMffl2is 
shown  on  a  section  of  aircraft 
material  (apparently  wing)  in 
Fig.  1 .  Many  theoretical 
aspects  of  the  ROSTAM 

series  design  (suction  cups, 
safety  issues,2  sensory 
guidance)4  and  their 
hypothetical  inspection 
capability  (automated  crack 
monitoring  using  a  vision 

system)5  have  been  reported 
in  the  technical  conference  and  scholarly  archival  literature;  however  it  does  not  appear  that  any  verifiably 
practically  useful  inspection  data  were  ever  delivered  in  field  tests  of  any  of  the  series. 

In  support  of  the  ANDI  program  at  CMU  (Section  4.2),  Prof.  Bahr  also  conducted  analyses  of  the 
requirements  and  optimal  designs  of  suction  cups  for  aircraft  inspection  crawlers. 

4.2.  ANDI:  Carnegie  Mellon  University 

The  FAA  Aging  Aircraft  Research  program  sponsored  the  design,  construction,  and  testing  of  the 
Automated  NonDestructive  Inspector  (ANDI)  at  Carnegie  Mellon  University,  Pittsburgh  PA,  in  a  joint 
project  of  the  Carnegie  Mellon  Research  Institute  (CMRI),  the  university’s  applied  research  arm,  and  my 
lab,  the  Intelligent  Sensors,  Measurement,  and  Control  Lab,  in  the  Robotics  Institute  of  the  School  of 
Computer  Science.  ANDI’s  design  was  dictated  by  the  FAA’s  state  of  mind  and  by  the  state  of  NDI 
technology  around  1990,  when  the  project  was  defined  and  begun.  The  state  of  mind  at  the  time,  still 
dominated  by  the  Aloha  incident  of  1988,  was  that  large  scale  eddy  current  “fishing  expeditions”  are  a 
desirable  way  to  head  off  future  Alohas,  and  that  large  scale  instrumented  inspection  could  be  made 
palatable  to  commercial  airline  operators  if  there  were  an  economically  acceptable  automated  device  to 
deploy  the  sensors.  The  state  of  technology  for  eddy  current  sensors  at  the  time  was  mainly  manually 
manipulated  point  probes  and  complex  impedance  plane  displays  of  their  signals.  These  circumstances 
led  to  a  design  that  maneuvers  most  gracefully  along  long  fore-aft  lines  of  rivets,  maintaining  precision 
alignment  with  them  so  that  an  eddy  current  pencil  probe  scanned  parallel  to  the  line  of  motion  would 

follow  the  desired  scanning  path  with  little  or  no  need  for  additional  closed  loop  path  control.7 

The  design  developed  for  this  scenario  is  drawn  in  Fig.  2;  below  the  drawing  is  a  photograph  of  the  near¬ 
final  ANDI  on  a  DC-9  nose  section  at  the  Aging  Aircraft  Nondestructive  Testing  Center  (AANC,  Sandia 
National  Laboratories,  Albuquerque  NM).  This  design,  a  form  of  what  is  known  in  the  robotics  literature 
as  a  “beam  walker,”  achieves  mobility  by  suitable  motions  of  the  bridges  (arms)  relative  to  the  spine  as 
the  suction  cup  groups  on  the  spine  and  the  bridges  are  alternately  affixed  and  released.  The  eddy  current 
probe  is  scanned  by  one  of  the  bridges  moving  along  the  spine  while  the  spine’s  suction  cups  are  affixed 
to  the  aircraft  skin.  ANDI  is  equipped  with  four  cameras  for  navigation  and  alignment:  one  each  fore  and 
aft  to  align  the  spine  with  the  rivet  line,  one  adjacent  to  the  eddy  current  probe  to  verify  location  and 
alignment,  and  one  high  mounted  with  a  wide  angle  field  of  view  for  navigation,  obstacle  avoidance,  and 
proprioception  (“self  awareness”).  In  contrast  to  CIMP,  the  second  CMU  aircraft  inspection  robot 
(Section  4.5),  whose  capability  is  focused  on  enhanced  remote  visual  inspection,  ANDI’s  cameras  were 
not  intended  to  have  sufficient  resolution  to  be  useful  for  visual  inspection  per  se. 


Fig.  1:  ROSTAM  III  on  a  section  of  aircraft  material. 
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Despite  essential  successes  in  mobility  (getting  where 
it  needed  to  be),  automatic  alignment  (using  a  machine 
vision  rivet  line  finding  algorithm),  manipulation 
(moving  the  eddy  current  probe  smoothly  along  the 
desired  path),  and  measurement  (collecting  and 
delivering  eddy  current  sensor  data  to  the  ground),  as 
well  as  the  articulation  of  a  comprehensive  system 
architecture  for  integrating  robotics  and  automation 
into  aircraft  maintenance  and  inspection,  unforeseeable 
changes  in  the  context  for  ANDI  led  to  its  early 
marginalization. 

First  among  these  factors  was  a  de  facto  return  to  the 
model  that  visual  inspection  should  be  the  lion’s  share 
of  skin  inspection,  with  eddy  current  and  other  NDI 
technologies  being  used  for  backup,  confirmation,  and 
a  relatively  small  number  of  directed  inspections  for 
specific  flaws  at  specific  problematic  locations.  A  robot 
designed  for  large  area  eddy  current  inspection  along 
rivet  lines  would  have  a  hard  time  being  economically 
competitive  in  an  environment  that  views  eddy  current 
as  a  confirming  technology  for  suspected  visual  flaws 
and  as  a  survey  technology  only  for  a  few  specific 
fuselage  locations,  e.g.,  locations  known  from 
structural  models  or  past  experience  to  present  specific 
cracking  or  corrosion  patterns. 

Simply  stated,  at  least  in  the  civilian  sector,  there  is  no 
economic  interest  in  a  robot  that  does  the  10%  of 
inspections  that  are  instrumented;  to  make  an  impact 
with  the  commercial  airline  operators,  a  robotic 
inspection  system  will  have  to  do  the  visual  inspections 
that  account  for  90%  of  the  inspection  effort. 


Fig.  2:  (above)  ANDI  as  a  design  drawing, 
and  (below)  photographed  on  the  nose 
section  of  a  DC-9.  In  the  drawing,  the  eddy 
current  sensor  is  seen  on  the  near  end  of 
the  far  bridge  (arm).  In  the  photo  the  small 
black  box  (on  an  outrigger  on  the  far  side) 
contains  one  of  the  two  alignment  cameras 


Another  development  that  weighs  substantially  against  (see  text  for  camera  arrangement), 

the  viability  of  ANDI  is  the  recent  advance  in  sensors 
and  display  systems  for  C-scan  rendering  of  eddy 

current  data.  We  now  have  linear  and  area  arrays  (or  their  equivalent  in,  e.g.,  MOI),  and  inspectors  now 
expect  to  see  false-color  images  rather  than  oscilloscope  traces,  making  ANDI’s  mechanical  optimization 
for  point  probes  somewhat  pointless. 


4.3.  AutoCrawler:  AutoCrawler  LLC 


Henry  R.  Seemann’s  Seattle  WA  based  company  AutoCrawler  LLC,  with  support  from  Boeing,  has 
developed  a  tank-like  multi-suction-cup-tracked  vehicle,  AutoCrawler,  with  a  clever  valving  arrangement 
that  applies  vacuum  only  to  those  suction  cups  that  are  actually  in  contact  with  the  surface  (Fig.  3). 
AutoCrawler  is  a  behemoth  of  a  mobile  platform,  capable  of  carrying  enormous  loads  at  very  high  speeds 
thanks  to  its  powerful  air  motors  and  high  capacity  vacuum  ejectors.  On  the  other  hand,  it  demands  an 
enormous  air  compressor,  and  it  makes  a  hell  of  a  racket.  Although  suction  cups  of  optimized  material 
and  shape  have  been  custom  designed  and  manufactured  for  the  application,  aluminum  surface  scuffing  is 
still  very  evident  in  the  AutoCrawler’s  wake.  Boeing’s  experimental  area  array  eddy  current  sensor  and 
the  PRI  Magneto-Optic  Imager  have  been  carried  by  AutoCrawler  on  a  737  fuselage  section  with  known 
defects,  and  images  from  the  Boeing  sensor  have  been  exhibited  in  AutoCrawler’s  sales  literature.  Based 
on  our  experience  (Section  4.2)  with  ANDI’s  eddy  current  sensor’s  tendency  to  “chatter”  if  not  scanned 
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with  a  sufficiently  firm  but  light  touch,  it  seems  likely  that  a  point  sensor  deployed  by  AutoCrawler  would 
suffer  from  this  problem  in  spades;  however,  as  the  described  demonstrations  confirm,  AutoCrawler’s 
mechanics  are  well  suited  to  area-type  sensors,  as  they  do  not  require  precise  placement  and  scanning. 
The  AutoCrawler  has  not  been  reported  in  the  technical  conference  or  archival  scholarly  literature; 
however  some  early  work  toward  a  window  washing  robot,  in  which  project  Mr.  Seemann  participated,  is 

reported  in  the  trade  magazine  Robotics  Engineering.17 

Mr.  Seemann  reports  in  a  personal  communication  that  he  is  currently  investigating  an  Air  Force  NDI 
application  on  a  contract  routed  through  the  University  of  Dayton  Research  Institute.16 

Fig.  3:  AutoCrawler  on  the 
side  of  an  airplane.  The 
hand  is  about  to  install,  on 
the  “periscope”  at  the 
center  of  the  AutoCrawler,  a 
retroreflector  that  is  part  of 
the  laser  tracking  system 
used  for  locating  the  robot 
absolutely  relative  to  the 
hangar  floor. 


4.4.  MACS  I  THROUGH  III:  NASA  JPL 

The  Air  Force  Robotics  and  Automation  Center  of  Excellence  (RACE)13  at  Kelly  Air  Force  Base,  San 
Antonio  TX,  funded  a  group  led  by  Paul  Backes  at  NASA’s  JPL,  Pasadena  CA,  to  develop  a  series  of 
mobile  platforms,  Multifunction  Automated  Crawling  System  (MACS)  I  through  III.  Leveraging  NASA’s 
efforts  in  developing  miniature  planetary  rovers,  telerobotic  devices,  and  NDE  technology,  the  MACS 
team  has  applied  the  years  of  experience  and  cutting-edge  innovative  ideas  of  its  members,  with  their 
state-of-the-art  expertise  in  robotics  (Backes),  NDI  (Bar-Cohen),  mechanical  design  (Joffe),  and 
ultrasonic  motors  (Lih),  supported  by  NASA’s  highly  trained  technicians’  unique  hands-on  skills  in 
fabrication,  electronics,  and  assembly  (Barlow,  Proniewicz),  to  developing  this  family  of  small,  light 
weight,  high  carrying  capacity  ratio  mobile  platforms  that  use  suction  cups  for  attachment  and  ultrasonic 
motors  for  motion. 

The  MACS  family  walking  paradigm  of  alternate  attachment  and  detachment  of  half  the  suction  cups12  is 
essentially  the  same  as  ANDI’s  (Section  4.2).  The  group  reports  that  in  the  future  a  descendant  of  the 
MACS  I  through  m  series  with  increased  on-board  intelligence,  tetherless  operation,  operation  over  the 
internet,  and  integration  of  multiple  sensor  payloads  might  be  able  to  carry  NDI  sensors,  e.g.,  new 

miniature  cameras,  tap  testers,  eddy  current  sensors,  ultrasonic  sensors,  etc.,  on  an  aircraft  surface.11  Fig. 
4  shows  MACS  in  the  lab  and  on  a  C5  airplane.  Inasmuch  as  Kelly  Air  Force  Base  is  being  shut  down  as 
part  of  the  Base  Realignment  and  Closing  (BRAC)  program,  RACE’S  civilian  leader  Scott  Petroski  has 
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taken  a  new  assignment,  and  RACE  is  now  slated  for  shutdown  rather  than  relocation,  the  future  of  the 
MACS  program  seems  uncertain. 


4.5.  CIMP:  Carnegie  Mellon  University 

CIMP,  built  in  my  laboratory  (see  Section  4.2)  with  support  from  the  Ben  Franklin  Technology  Center  of 
Western  Pennsylvania  and  my  lab’s  spin-off  company  Aircraft  Diagnostics  Corporation,  is  an  aircraft 
inspection  robot  that  is  explicitly  not  a  “wall  crawler.”  Chastised  by  the  two  lessons  of  ANDI  (if  you 
spend  all  your  time  working  on  the  robot’s  mobility  you’ll  never  get  any  inspection  data  and  if  you  can’t 
do  visual  inspection  nobody  will  be  interested  in  your  robot),  we  set  out  to  demonstrate  that  a  robot  could 
generate  data,  first  and  foremost  video  data  whose  quality  inspectors  would  gladly  accept  for  routine 
visual  inspection,  and  to  deliver  the  data  to  an  “inspector’s  workstation”  off  the  airplane.  To  allow  us  to 
concentrate  on  inspection  data  and  not  inspection  equipment  transportation,  we  designed  an  interim  robot 
whose  mobility  is  limited  to  the  fuselage  crown:  CMP,  the  Crown  Inspection  Mobile  Platform. 

Because  CIMP  works  with  gravity  instead  of  against  it,  it  does  not  need  a  tether.  It  was  designed  for  the 
curvature  of  a  DC-9,  and  for  window-line  to  window-line  on  mobility  on  that  aircraft  type;  however  it 
turned  out  to  be  more  convenient  to  test  the  prototype  on  a  747,  on  which  it  ran  with  no  difficulty  despite 
having  the  “wrong”  curvature. 

Because  its  power  requirements  are  tiny  compared  to  a  robot  that  has  to  adhere  to  the  fuselage  in  arbitrary 
orientations,  CIMP  does  not  need  an  umbilicus.  It  runs  for  several  hours  on  its  internal  batteries;  exactly 
how  long  depends  on  the  variable  demands  of  mobility,  manipulation,  illumination,  etc.  Control  signals 
are  transmitted  to  CIMP  wirelessly  using  off-the-shelf  model  airplane  transmitter  technology.  Video  data 
are  returned  wirelessly  using  micropower  radiofrequency  channels;  in  the  prototype  these  are  off-the- 
shelf  2.4  GHz  cable  eliminators  sold  in  the  consumer  market  to  connect  a  home  VCR  and  TV  set  without 
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dragging  a  wire  under  the  rug.  In  a  commercial  version  of  CIMP  somewhat  more  sophisticated  (and 
costly)  channel  options  would  be  appropriate  to  avoid  signal  degradation  due  to  multipath  effects. 


Fig.  5:  CIMP  on  a  747  in  a  heavy  maintenance  Fig.  6:  CIMP  showing  mobility  (differentially 
bay  at  Northwest  Airlines  Minneapolis  driven  wheels),  sensor  pod  mounted  off 

headquarters.  The  inspector,  observed  by  a  circumference-scanning  carriage,  and  wide 
CMU  staffer,  is  performing  an  eddy  current  angle  cameras  for  navigation  and  proprioception 
check  of  a  visual  anomaly  detected  using  the  or  “self-awareness”  (upper  right).  The  vertical 
remote  vision  system  shown  in  Fig.  7.  Future  stalk  and  the  sensor  pod  rotate  to  change  the 
models  would  incorporate  remotely  operated  camera  viewing  azimuth.  Curvature  was 

eddy  current  sensing.  designed  for  window-line  to  window-line  access 

on  a  DC9. 

Watching  how  visual  inspectors  work,  we  concluded  that  they  use  binocular  disparity  (the  small 
differences  between  left  and  right  eye  perspectives)  in  several  important  ways.  First,  binocular  disparity  is 
the  primary  origin  of  stereopsis,  the  human  perception  of  depth  via  the  fusion  of  slightly  different  left  and 
right  eye  images;  depth  perception  is  important  for  perceiving  the  difference  between  dents  and  lighting 
anomalies,  bulges  and  depressions,  etc.  Second,  aircraft  inspectors  routinely  use  dynamic  lighting  and 
grazing  angles  of  observation  to  discern  subtle  textural  anomalies  even  on  essentially  flat  surfaces;  these 
they  apparently  discriminate  via  the  strong  binocular  disparity  that  originates  in  specular  (vs.  diffuse) 
reflection  features.  Thus  we  decided  to  provide  CIMP  with  a  3D-stereoscopic  video  system  that  gives  the 
inspectors  remote  binocular  inspection  capability. 

Fig.  5  shows  a  distant  shot  of  CIMP  on  a  747  at  Northwest  Airlines  heavy  maintenance  facility  in 
Minneapolis  MN.  Fig.  6  shows  a  comprehensive  view  of  CIMP,  and  Fig.  7  shows  a  close-up  of  the  sensor 
pod,  which  contains  the  3D-stereoscopic  cameras  and  remotely  controlled  dynamic  lighting,  and 
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potentially  a  variety  of  other  sensors,  e.g.,  eddy  current  probes.  Fig.  8  shows  a  Northwest  Airlines 
inspector  at  the  workstation,  operating  the  remote  controller  and  observing  the  3D-stereoscopic  imagery. 

Fig.  8  shows  several  examples  of  the  imagery  returned  by  the  inspection  cameras;  these  pictures  have 
been  though  several  stages  of  subsampling  prior  to  recording,  8mm  taping,  digitizing,  and  MPEG-type 
data  compression,  so  their  quality  is  not  indicative  of  what  the  inspector  sees  live;  the  live  view  actually 
gives  each  eye  an  independent  NTSC/VGA  resolution  signal  stream  with  very  high  perceived  quality. 

CIMP  has  been  sucessfully  operated  on  a  747  at  Northwest  (as  shown  in  the  accompanying  figures)  and 
on  a  DC-9  at  US  Airlines.  Working  aircraft  inspectors  have  been  uniformly  enthusiastic  about  the  quality 
and  utility  of  the  imagery  that  the  CIMP  remote  3D-stereoscopic  video  system  delivers.  However  many 
are  skeptical  about  the  economic  benefits  that  might  reasonably  be  expected  from  robotic  deployment  of 
inspection  equipment.  Some  also  question  whether  the  introduction  of  robotic  deployment  equipment 
would  enhance  their  job  satisfaction;  despite  our  best  intentions  to  make  the  inspector’s  job  easier,  safer, 
etc.,  by  “getting  the  man  off  the  airplane,”  sometimes  we  find  that  the  man  likes  his  job  because  he  likes 
being  on  the  airplane. 

Somewhat  to  our  surprise,  the  inspectors  have  been  enthusiastic  about  the  idea  of  using  computer  image 
enhancement  and  automated  image  understanding  for  flaw  detection.  We  have  made  significant  progress 

in  these  areas,  reported  in  references.8, 9,10 


Fig.  7:  Inspector  at  the  prototype 
workstation.  Small  monitor  at  left 
shows  one  eye’s  view.  Large  monitor  in 
front  of  inspector  shows  left  and  right 
eye  views  3D-stereoscopically  when 
viewed  through  the  goggles  seen. 
Inspector  is  driving  robot,  controlling 
lighting,  cameras,  etc,  via  the  model 
radio  controller  joysticks,  switches,  and 
control  knobs. 


Fig.  6:  Sensor  pod,  showing 
3D-stereoscopic  camera  (white  box  with 
black  endcap  left  of  and  below  center)  and 
remotely  movable  low  angle  illuminator. 

Inspector  can  remotely  swing  this 
illuminator  in  a  300  degree  arc  centered 
on  the  forward  viewing  direction  of  the 
camera,  reproducing  the  way  he  typically 
uses  his  flashlight  to  pick  up  highlights. 
The  flood  illuminator  is  not  visible  in  this 
view. 


Fig.  8:  Three  left  and  right  eye 
3D-stereoscopic  views  from  the  4.5x 
3D-stereoscopic  camera  in  the  sensor 
pod.  Top  is  a  lap  joint,  middle  is  a  row  of 
buttonhead  rivets,  bottom  is  a  sheet 
metal  sample  from  a  “defect  library.” 
Note,  in  addition  to  the  perspective 
differences  between  the  two  views 
(which  stimulates  depth  perception),  the 
distinct  differences  in  specular 
reflections  (which  we  believe  stimulates 
texture  recognition). 


4.6.  Other  “wall  climbing”  robots 

The  Wichita  State,  Carnegie  Mellon,  Autocrawler,  and  JPL  robots  described  above  are  all  specifically 
targeted  at  aircraft  skin  inspection  applications.  Many  other  “wall  climbing”  systems  developers  mention 
aircraft  inspection  as  possible  applications  for  robots  developed  for  other  applications,  or  robots 
developed  with  an  unfocused  approach  to  wall  climbing  as  a  generic  set  of  applications.  Several  of  these, 
and  a  survey  of  them,  are  described  briefly  in  this  section. 

4.6.1.  ROBIN:  Vanderbilt  University 

Robert  T.  Pack  et  al  in  the  Electrical  Engineering  Department  at  Vanderbilt  University  describe  ROBIN, 

their  ROBotic  INspector.18  It  is  essentially  two  rods  connected  by  a  hinge,  with  suction  cups  at  the  two 
free  ends,  and  pneumatic  actuators  for  walking,  similar  to  earlier  “walking-elbow”  designs  for  space 

station  maintenance  robots,19  etc.  Echoing  the  underlying  theme  of  the  present  paper,  the  ROBIN’s 
inventors  say  “it  is  intended  to  carry  cameras  and  other  sensors  onto  man-made  structures  such  as 
bridges,  buildings,  aircraft  and  ships  for  inspection  ...  cameras  on  its  back  and  other  contact  sensors,  like 
eddy  current  probes  on  its  feet,  but  current  development  focuses  on  improving  the  climbing  vehicle 
itself.” 

4.6.2.  Texas  Research  Institute  /  Austin 

Texas  Research  Institute  /  Austin,  operator  of  the  Nondestructive  Testing  Information  Analysis  Center 
(NTIAC),  reports  that  among  the  products  it  has  developed  in  sponsored  R&D  efforts  for  government  and 

commercial  applications  there  is  a  “rubber-to-metal  debond  robotic  inspection  system”  that  sounds  like 
it  might  be  of  interest  in  the  aircraft  skin  inspection  world.  However  at  the  time  of  this  writing  no  further 
information  was  available. 

4.6.3.  Survey:  McGill  University 

A  tabular  “Survey  of  Climbing  Robots,”  with  annotated  photos  of  some  of  the  included  robots,  is 

available  on  the  WWW  at  McGill  University.21  Note  that  many  of  these  use  magnets  to  attach  to  the 
surfaces  of,  e.g.,  steel  liquid  storage  tanks,  making  them  generally  uninteresting  for  aircraft  inspection. 
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5.  LESSONS,  CONCLUSIONS,  AND  THE  FUTURE 

After  the  Aloha  “incident”  of  1988  several  research  groups  embarked  confidently  on  paths  toward  mobile 
robotic  platforms  and  computer-based  automatic  control  systems  for  deployment  of  NDI  and  visual 
inspection  equipment  on  aircraft  surfaces.  The  ambitious  plans  included  agile  vehicles,  sophisticated 
deployment  of  sophisticated  sensors,  a  high  level  of  intelligent,  sensible  autonomy  in  task  and  path 
planning,  navigation,  and  inspection,  elegant  and  functional  human-computer  interfaces,  hierarchical  data 
and  information  displays  matched  to  the  needs  of  inspectors,  supervisors,  and  management,  totally 
automated  networked  integration  of  inspection  with  maintenance,  engineering,  operations,  and 
management  databases,  and  the  emergence  of  a  safer  and  more  economical  inspection  and  maintenance 
system  based  on  massive  analysis  of  massive  quantities  of  data  that  would  permit  just-in-time,  but  never 
earlier  than  necessary,  predictive  response  to  developing  repair  requirements.  At  the  time  of  this  writing, 
in  mid- 1997,  there  is  still  no  working  system  that  comes  anywhere  near  these  early  expectations;  there  is 
not  yet  even  a  demonstration  of  a  robot  that  is  both  agile  (able  to  go  ‘anywhere’  on  the  aircraft’s  skin)  and 
functional  (able  to  deliver  data  that  inspectors  want).  Furthermore  there  is  a  sense  of  diminished 
confidence  that  there  will  be  any  such  system  any  time  soon. 

On  the  positive  side,  in  fact  all  four  key  modules  needed  by  a  useful  robotic  inspection  system  - 
measurement,  manipulation,  mobility,  and  monitoring  —  have  been  separately  demonstrated.  It  has  been 
hard  to  tie  the  modules  together  in  a  fully  functional  system  in  large  part  because  the  generic  hard 
problems  that  must  be  faced  in  designing  and  building  an  aircraft  skin  mobility  module  -  adhering  to 
arbitrarily  curved  and  oriented  surface  regions,  moving  gracefully  over  lapjoints  and  buttonhead  rivets, 
managing  a  safety  tether  and  an  energy-lifeline  umbilicus  -  have  disproportionally  diverted  attention 
from  the  other  three  key  modules. 

However  the  diversion  has  actually  paid  off:  we  now  have  multiple  examples  of  mobile  platforms 
matched  to  various  operational  scenarios;  ANDI  for  precision  deployment  of  traditional  point  probe 
sensor  types,  AutoCrawler  for  manhandling  large  area  survey  instruments,  and  MACS  for  the  anticipated 
next  generation  of  light  weight  sensors,  among  others. 

In  my  lab  we  set  out  with  CIMP  to  demonstrate  a  complete  system  via  the  expedient  of  temporarily 
sidestepping  the  general  mobility  problem:  we  built  only  a  simple  (though  wireless!)  platform  whose 
mobility  is  restricted  to  the  fuselage  crown.  Thus  we  were  able  to  concentrate  the  extremely  limited 
resources  that  were  available  to  us  for  this  project  on  demonstrating  the  single  most  important  capability 
of  a  robotic  inspection  system:  its  ability  to  deliver  useful  inspection  data  to  the  ground.  We  succeeded  in 
delivering  inspection-quality  visual  data  to  an  inspector  who  was  remotely  driving  the  robot  from  a 
rudimentary  but  acceptable  workstation.  The  mobility  and  manipulation  components  were 
comprehensive  enough  that  the  inspector  could  scan  along  a  useful  path,  stop  at  a  possible  flaw,  and 
inspect  more  closely  by  varying  the  camera’s  viewing  angle  and  the  character  of  the  illumination  (flood  or 
spot),  and  the  direction  of  spot  illumination.  In  the  lab,  we  have  also  made  substantial  progress  toward 
useful  image  enhancement  and  automated  image  understanding  algorithms  for  visually  detectable  flaws. 

These  successes  are,  at  least  to  me,  clear  demonstrations  that  we  are  ready  to  respond  to  a  well  defined 
real-world  application  demand  with  a  technically  and  economically  justified  system. 
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ABSTRACT 

The  ideal  design  of  an  airplane  should  include  built-in  sensors  that  are  pre-blended  in  the  perfect 
aerodynamic  shape.  Each  built-in  sensor  is  expensive  to  blend  in  and  requires  continuous  mainte¬ 
nance  and  data  processing,  so  we  would  like  to  use  as  few  sensors  as  possible.  The  ideal  formulation 
of  the  corresponding  optimization  problem  is,  e.g.,  to  minimize  the  average  detection  error  for  fault 
locations.  However,  there  are  two  obstacles  to  this  ideal  formulation: 

•  First,  this  ideal  formulation  requires  that  we  know  the  probabilities  of  different  fault  locations 
etc.,  and  there  are  usually  not  enough  statistics  to  determine  these  probabilities. 

•  Second,  even  for  a  known  distribution,  finding  the  best  locations  is  a  very  difficult  computa¬ 
tional  problem. 

To  solve  these  problems,  geometric  symmetries  are  used;  these  symmetries  enable  to  choose  several 
possible  sets  of  sensor  locations;  the  best  location  is  then  found  by  using  a  neural  network  to  test 
all  these  (few)  selected  locations. 

Keywords:  Non-destructive  evaluation,  aerospace  structures,  aging  aircraft,  futuristic  aircraft, 
neural  networks,  symmetry  groups,  geometry. 

1.  Introduction 

1.1.  Checking  structural  integrity  of  aerospace  systems  is  very  important 

Structural  integrity  is  extremely  important  for  airplanes,  because  in  flight,  the  airframe  is  subjected 
to  such  stressful  conditions  that  even  a  relatively  small  crack  can  be  disastrous. 

This  problem  becomes  more  and  more  important  as  the  aircraft  fleet  ages. 

At  present,  most  airplanes  do  not  have  built-in  sensors  for  structural  integrity,  and  even  those 
that  have  do  not  have  a  sufficient  number  of  them,  so  additional  sensors  must  be  placed  to  test  the 
structural  integrity  of  an  airframe. 


1  E-mail  addresses:  osegueda@utep.edu,  ferregut@utep.edu,  mjgeorge@utep.edu,  jgutierr@utep.edu,  and 
vladik@cs.utep.edu. 
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1.2.  It  is  important  to  test  structural  integrity  in-flight 

Each  integrity  violation  (crack  etc.)  starts  with  a  small  disturbance  that  is  only  detectable  in 
stressful  in-flight  conditions.  Therefore,  to  detect  these  violations  as  early  as  possible,  we  should 
complement  on-earth  testing  by  in-flight  measurements.  Hence,  we  need  sensors  for  in-flight  tests. 

1.3.  The  problem  of  sensor  placement 

Where  should  we  place  sensors  for  in-flight  tests? 

Most  existing  airplanes  do  not  have  built-in  sensors  for  testing  structural  integrity  (or  at  least 
do  not  have  a  sufficient  number  of  these  sensors),  so,  to  test  these  airplanes,  we  must  place  these 
sensors  outside  the  airframe.  Sensors  attached  outside  the  airframe  interfere  with  the  airplane’s 
well-designed  aerodynamics;  therefore,  we  should  use  as  few  sensors  as  possible. 

This  limitation  leads  to  the  following  problem: 

GIVEN:  the  number  of  sensors  that  we  can  locate  on  a  certain  surface  of  an  airframe, 

FIND:  the  optimal  placements  of  these  sensors,  i.e.,  locations  that  allow  us  to  detect  the  locations 
of  the  faults  with  the  best  possible  accuracy. 

For  future  aircraft,  we  have  a  similar  problem  of  sensor  placement.  The  ideal  design  of  a  future 
airplane  should  include  built-in  sensors  that  are  pre-blended  in  the  perfect  aerodynamic  shape.  Each 
built-in  sensor  is  expensive  to  blend  in  and  requires  continuous  maintenance  and  data  processing, 
so  again,  we  would  like  to  use  as  few  sensors  as  possible. 

1.4.  The  problem  of  optimal  sensor  placement  is  difficult,  because  it  requires  optimiza¬ 
tion  under  uncertainty 

In  both  cases,  the  ideal  formulation  of  the  corresponding  optimization  problem  is  to  minimize,  e.g., 
the  average  detection  error  for  fault  locations. 

However,  this  ideal  formulation  requires  that  we  know  the  probabilities  of  different  fault  locations 
and  the  probabilities  of  different  aircraft  exploitation  regimes.  In  reality,  we  do  not  know  these 
probabilities: 

•  for  a  new  aircraft,  we  do  not  have  this  statistics;  and 

•  for  the  aging  aircraft,  the  statistics  gathered  from  its  earlier  usage  may  not  be  applicable  to 
its  current  state. 

Therefore,  instead  of  a  well-defined  optimization  problem,  we  face  a  not  so  well  defined  problem  of 
optimization  under  uncertainty. 

Since  the  problem  is  not  well  defined,  we  cannot  simply  use  standard  numerical  optimization 
techniques. 

1.5.  To  solve  the  optimal  sensor  placement  problem,  we  will  use  intelligent  techniques 

Since  we  cannot  use  standard  numerical  methods,  we  will  use  intelligent  techniques: 
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1.5.1.  First  step:  Geometric  techniques 

The  problem  of  choosing  an  optimal  sensor  placement  is  formulated  in  geometric  terms:  we  need 
to  select  points  (sensor  placements)  on  a  surface  of  the  given  structure. 

To  solve  this  problem,  we  use  the  experience  of  solving  similar  geometric  problems  of  optimiza¬ 
tion  under  uncertainty  in  image  processing  and  image  extrapolation1-3.  Namely,  astronomic  image 
processing  faces  the  problem  of  selecting  the  best  family  of  images  for  use  in  extrapolation.  It 
turns  out  that  for  every  optimality  criterion  that  satisfies  the  natural  symmetry  conditions  (crudely 
speaking,  that  the  relative  quality  of  two  image  reconstructions  should  not  change  if  we  simply  shift 
or  rotate  two  images),  the  extrapolation  shapes  that  are  optimal  with  respect  to  this  criterion  can 
be  described  as  orbits  of  the  corresponding  Lie  transformation  groups,  which  leads  to  exactly  the 
shapes  used  in  astronomy  (such  as  spirals,  planes,  spheres,  etc). 

In  this  paper,  we  show  that,  since  the  basic  surface  shapes  are  symmetric,  a  similar  symmetry- 
based  approach  can  be  applied  to  the  problem  of  optimal  sensor  placement.  For  the  simplest 
surfaces,  this  general  approach  describes  several  geometric  patterns  that  every  sensor  placement, 
which  is  optimal  with  respect  to  reasonable  (symmetric)  optimality  criterion,  must  follow. 

Some  of  our  results  were  announced  in4-5. 

1.5.2.  Second  step:  Neural  networks 

After  we  have  selected  several  possible  sensor  locations,  we  then  use  neural  networks: 

•  first,  to  confirm  that  these  placement  patterns  indeed  lead  to  better  fault  location,  and 

•  second,  to  select  a  pattern  that  leads  to  the  best  results  for  each  particular  problem. 

1.6.  The  results:  in  brief 

As  a  result  of  this  analysis,  we  get  several  possible  optimal  sensor  placements. 

A  similar  problem  of  optimal  placement  of  NDE  sensors  is  also  important  for  space  structures. 

2.  Preliminary  analysis:  we  need  the  optimal  sensor  placement 
2.1.  It  is  desirable  to  find  the  optimal  sensor  placements 

The  quality  of  NDE  essentially  depends  on  the  placement  of  the  sensors:  e.g.,  if  all  the  sensors 
are  concentrated  in  one  area,  and  few  are  located  in  the  remainder  of  the  structure,  then  possible 
cracks  and  other  faults  in  the  under-covered  area  may  go  dangerously  unnoticed.  Therefore,  it  is 
important  to  choose  a  good  sensor  placement. 

Currently,  the  choice  of  sensor  placements  is  mainly  made  either  ad  hoc ,  or,  at  best,  by  testing  a 
few  possible  placements  and  choosing  the  one  that  performs  the  best  on  a  few  benchmark  examples. 
There  are  two  drawbacks  in  this  approach: 

•  In  this  approach,  only  a  few  possible  placements  are  analyzed,  so  it  is  quite  possible  that  we 
miss  really  good  placements. 

•  Even  when  the  placement  that  is  good  “on  average”  is  indeed  present  among  the  tested 
placements,  the  very  fact  that  we  only  test  these  placements  on  a  few  examples  leads  to  the 
possibility  that  we  will  choose  different  placements,  that  work  well  for  the  tested  examples, 
but  that  are,  on  average,  much  worse  than  the  rejected  placement. 
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In  other  words,  often,  the  normal  engineering  good  enough  approach  does  not  work  for  our  problem. 

It  is,  therefore,  desirable  to  find  the  optimal  (best)  sensor  placements. 

2.2.  “Optimal”  in  what  sense? 

2.2.1.  Since  we  do  not  know  the  exact  optimality  criterion,  we  will  try  to  describe 
sensor  placements  that  are  the  best  relative  to  all  possible  reasonable  optimality  criteria 

If  we  knew  the  exact  probabilities  of  different  exploitation  regimes  and  of  different  faults,  then  we 
could  formulate  the  exact  optimality  criterion  and  look  for  the  sensor  placement  that  is  optimal 
relative  to  this  criterion.  In  reality,  however,  as  we  have  already  mentioned  in  the  Introduction,  we 
do  not  know  the  exact  optimality  criterion. 

Since  we  do  not  know  the  exact  criterion,  the  natural  idea  is  to  do  the  following: 

•  consider  all  possible  optimality  criteria  that  are  reasonable  for  this  problem; 

•  describe  all  the  placements  that  are  optimal  relative  to  each  of  these  criteria; 

•  and  finally,  depending  on  the  exact  situation,  choose  the  best  placement  among  the  “possibly 
best”  ones. 

In  this  manner,  we  still  face  the  problem  of  choosing  between  several  possible  placements  (and  we 
may  still  make  a  wrong  choice),  but  we  are,  at  least,  guaranteed  that  we  do  not  initially  miss  the 
best  placement. 

2.2.2.  This  general  program  sounds  ambitious  and  computationally  intractable,  but  it 
is  actually  doable 

Even  when  we  know  the  optimality  criterion,  finding  the  optimal  sensor  placement  is  extremely 
computationally  difficult  and  time-consuming.  According  to  the  above  program,  we  intend  to 
describe  sensor  placements  that  are  optimal  relative  to  all  possible  reasonable  optimality  criteria. 
Since  there  are  many  such  criteria,  it  may  seem,  at  first  glance,  that  we  need  to  repeat  the  (already 
time-consuming)  computations  so  many  times  that  the  resulting  required  computation  time  will 
make  this  problem  computationally  intractable. 

Fortunately,  we  will  see  that  this  problem  is  quite  doable:  namely,  it  is  possible  to  describe  all 
possibly  optimal  placements  without  actually  solving  all  possible  optimization  problems,  but  using 
geometric  arguments  instead. 

Before  we  start  describing  and  using  these  arguments,  we  must  describe  in  precise  terms  what 
we  mean  by  a  “reasonable”  optimality  criterion. 

2.2.3.  Optimality  criteria  can  be  arbitrarily  complicated 

Traditionally,  the  quality  of  different  alternatives  is  described  by  a  numerical  optimality  criterion, 
in  which  the  quality  of  each  alternative  a  from  the  set  A  of  all  possible  alternatives  is  characterized 
by  a  real  number  J(a),  and  we  choose  the  alternative  a  for  which  this  value  J(a)  is  the  smallest 
possible  (i.e.,  J(a)  ->  min).  For  example,  for  the  problem  of  placing  the  given  number  n  of  sensors, 
A  is  the  set  of  all  possible  placements  of  these  sensors,  and  J(a )  is,  e.g.,  equal  to  the  mean  square 
average  detection  error  of  fault  location  based  on  the  data  from  these  sensors. 
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Such  numerical  criteria  are  useful  and  often  sufficient,  but  in  many  cases,  we  end  up  with  several 
alternatives  with  the  same  smallest  possible  value  of  the  average  error  J(a).  In  this  case,  it  makes 
sense  to  select,  among  them,  an  alternative  a  for  which,  e.g.,  the  worst-case  error  is  the 
smallest  possible.  This  very  natural  idea  leads  to  a  non-numerical  optimality  criterion,  according 
to  which  two  different  functions  J(a)  and  J'(a)  are  given,  and  an  alternative  a  is  considered  to  be 
better  than  an  alternative  b  if  either  J(a)  <  J(6),  or  J(a)  =  J(b)  and  J'(a)  <  J'(&). 

This  more  complicated  criterion  can  also  result  in  several  “best”  alternatives,  in  which  case 
we  will  be  able,  simultaneously,  to  optimize  a  third  characteristic,  etc.  As  a  result,  we  can  have 
arbitrarily  complicated  non-numerical  optimality  criteria.  Since  we  want  to  describe  placements 
that  are  optimal  with  respect  to  all  possible  reasonable  criteria,  we  have  to  consider  all  these 
criteria. 

How  can  we  describe  them? 

2.2.4.  A  general  description  of  an  optimality  criterion 

In  general,  when  we  say  that  an  optimality  criterion  is  given,  this  means  that  for  every  two  alterna¬ 
tives  a  and  b  from  the  set  A  of  all  alternatives,  one  of  the  following  four  possibilities  holds:  either  a 
is  better  than  b  according  to  this  criterion  (we  will  denote  it  by  a  <  b),  or  6  is  better  than  a  (b  <  a), 
or  a  and  b  are  of  the  same  quality  (we  will  denote  it  by  a  ~  b),  or,  according  to  the  given  criterion, 
the  alternatives  a  and  b  are  incompatible  (we  will  denote  this  case  by  a  ||  b). 

So,  we  can  describe  the  optimality  criterion  as  a  pair  of  relations  (<,  ~). 

These  two  relations  must  satisfy  natural  consistency  conditions,  e.g.,  if  a  is  better  than  b  and  b 
is  better  than  c,  then  a  should  be  better  than  c,  etc.  A  pair  that  satisfies  these  natural  consistency 
conditions  is  called  a  pre-ordering  relation.  In  these  terms,  an  optimality  criterion  is  a  pre-ordering 
relation  on  the  set  of  all  alternatives. 

There  is  also  one  additional  requirement  that  we  have  used  before,  when  we  talked  about  the 
necessity  for  complicated  optimality  criteria:  that  there  should  be  exactly  one  optimal  alternative. 
Indeed,  if  there  are  several  alternatives  that  are  equally  good  according  to  some  criterion,  it  means 
that  we  still  need  to  choose  between  them;  thus,  the  current  optimality  criterion  is  not  final.  We 
are  interested  in  final  criteria,  i.e.,  in  pre-ordering  relations  in  which  there  exists  exactly  one  best 
alternative. 

Now,  that  we  have  a  general  definition  of  an  optimality  criterion,  we  must  describe  all  sensor 
placements  that  are  optimal  relative  to  these  criteria.  For  this  description,  as  we  have  mentioned, 
we  will  use  the  geometric  techniques. 


3.  Geometric  techniques 

3.1.  Geometric  transformations:  a  seeming  complication 

The  idea  of  using  symmetries  first  appeared  not  as  a  method  for  solving  the  problem,  but  rather  as 
an  additional  unexpected  complication  that  made  its  solution  even  harder.  Namely,  we  started  with 
simplified  toy  examples,  and  tried  to  use  an  optimization  method  to  find  the  optimal  placements 
for  these  toy  problems.  Since  we  were  solving  an  extremely  simplified  problem,  we  expected  that 
the  optimization  algorithm  would  soon  give  us  a  single  optimal  sensor  placement.  Instead,  for 
each  problem,  different  applications  of  the  numerical  algorithm,  applications  that  started  with 
different  randomly  chosen  initial  sensor  placements,  resulted  in  drastically  different  optimal  sensor 
placements. 


63 


When  we  plotted  these  seemingly  different  solutions,  we  saw  a  simple  explanation  for  this  non¬ 
uniqueness:  these  “different”  solutions  turned  out  to  be  approximately  one  and  the  same  solution, 
but  differently  rotated  and/or  shifted.  How  can  we  explain  this  behavior? 

3.2.  Symmetries  of  aerospace  shapes  explain  the  observed  complication 

There  is  a  simple  geometric  explanation  for  the  above-described  behavior.  This  explanation  is  based 
on  the  fact  that  most  surfaces  that  form  an  airframe  can  be  described,  within  a  good  accuracy,  in 
simple  geometric  terms. 

3.2.1.  Basic  geometric  shapes  of  aerospace  structures  and  their  symmetries 

Let  us  first  describe  the  geometric  shapes  of  basic  aerospace  structures: 

•  The  airplane  cabin  can  be  described  as  a  cylinder. 

•  The  surface  of  the  wings  can  be  approximately  described  as  a  plane  (same,  for  the  tail). 

•  Finally,  the  plane’s  “nose”  can  be  approximately  described  as  either  a  part  of  the  sphere  (to 
be  more  precise,  a  half-sphere),  or  as  a  piece  of  a  cone. 

Each  of  these  geometric  shapes  has  certain  geometric  symmetries ,  i.e.,  geometric  transformations 
that  leave  this  shape  invariant: 

•  a  cylinder  is  invariant  with  respect  to  shifts  along  its  axis  and  rotations  around  this  axis; 

•  a  plane  is  invariant  with  respect  to  shifts  in  the  plane,  rotations  in  this  plane,  and  dilations 
(similarities); 

•  a  sphere  is  invariant  with  respect  to  arbitrary  rotations  around  its  center; 

•  finally,  a  cone  is  invariant  with  respect  to  rotations  around  its  axis  and  dilations  centered  at 
its  vertex. 

3.2.2.  For  perfectly  symmetric  shapes,  optimal  placement  is  non-unique 

Let  us  first  consider  the  idealized  situation  in  which  the  shape  is  precisely  symmetric  (e.g.,  a  perfect 
sphere,  that  is  invariant  with  respect  to  arbitrary  rotation  T  around  its  center).  Let  P  =  {pi, . . .  ,pn} 
be  a  sensor  placement  for  which  the  optimality  criterion  (e.g.,  the  average  fault  location  error)  is  the 
smallest  possible,  and  let  T  be  one  of  the  symmetries.  Since  the  shape  is  invariant  with  respect  to 
this  symmetry,  locations  T(pi), . .  .,T(pn)  also  belong  to  this  same  shape.  Since  natural  optimality 
criteria  are  also  invariant  with  respect  to  these  geometric  symmetries,  the  quality  of  the  rotated 
placement  T(P )  =  (T(pi), . . . ,  T(pn)}  is  equal  to  the  quality  of  the  original  placement  and  therefore, 
the  rotated  placement  is  also  optimal. 

Thus,  if  P  is  an  optimal  placement,  then  for  every  symmetry  T  of  the  geometric  shape,  the 
placement  T(P)  is  also  optimal.  This  explains  non-uniqueness  of  optimal  sensor  placement  for 
perfectly  symmetric  shapes. 

3.2.3.  For  approximately  symmetric  shapes,  optimal  placement  is  also  non-unique 

Since  optimal  placement  is  non-unique  for  perfectly  symmetric  shapes,  it  is  natural  to  expect  that 
a  similar  complication  occurs  for  the  shapes  that  are  close  to  the  perfectly  symmetric  shapes  (e.g., 
for  a  slightly  deformed  sphere). 
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3.2.4.  Optimal  sensor  placement  is  non-unique  even  when  for  geometric  shapes  that 
are  only  locally  symmetric 

As  we  have  mentioned  earlier  in  this  section,  the  actual  shapes  of  aerospace  structures  are  indeed 
close  to  perfectly  symmetric  ones,  but  they  are  only  locally  close  to  the  perfectly  symmetric  shapes: 

•  For  example,  the  shape  of  a  cabin  is  close  to  a  cylinder.  An  (infinite)  cylinder  is  invariant  with 
respect  to  rotations  and  shifts;  however,  the  shape  of  a  cabin  is  only  a  piece  of  this  infinite 
cylinder. 

•  Similarly,  a  wing  is  only  a  piece  of  a  plane,  a  nose  is  only  a  piece  of  a  sphere  or  of  a  cone,  etc. 

In  other  words,  the  actual  shapes  are  not  themselves  symmetric,  they  are  only  locally  close  to 
the  symmetric  shapes.  However,  for  sensors  testing  structural  integrity,  local  is  all  we  need:  the 
very  need  for  numerous  sensors  comes  from  the  fact  that  the  effects  of  each  newly  appearing  small 
structural  fault  are  so  small  that  they  can  be  only  detected  by  a  sufficiently  close  sensor.  So,  the 
interaction  of  a  fault  and  of  a  nearby  sensor  on,  e.g.,  a  small  piece  of  a  spherical  surface  depends 
only  on  the  local  properties  of  this  surface  and  practically  does  not  depend  on  whether  this  surface 
is  the  whole  sphere  or  a  piece  of  it. 

Thus,  if  a  surface  locally  coincides  with  the  symmetric  one,  the  local  quality  of  each  sensor 
placement  on  this  surface  coincides  with  the  local  quality  of  their  placement  on  the  perfectly  sym¬ 
metric  shape,  and  therefore,  the  optimal  placement  on  the  actual  surface  locally  coincides  with  the 
optimal  sensor  placement  on  the  ideal  symmetric  surface. 

Since  the  optimal  placement  on  an  ideal  surface  is  non-unique,  the  placement  on  its  piece  is  also 
non-unique. 

3.3.  Due  to  non-uniqueness,  we  have  not  a  single  optimal  sensor  placement,  but  a 
family  of  different  optimal  sensor  placements 

We  have  shown,  both  experimentally  and  theoretically,  that,  due  to  symmetry  of  the  basic  shapes 
of  airframes,  optimal  sensor  placements  are  non-unique:  for  every  optimal  placement  P  and  for 
every  symmetry  T,  the  placement  T(P)  is  also  optimal.  Therefore,  we  cannot  find  a  unique  optimal 
sensor  placement.  Instead,  we  must  look  for  a  family  of  optimal  sensor  placements  (that  correspond 
to  different  symmetries  T ). 

3.4.  So  far,  symmetries  only  made  our  problem  more  complicated,  but  symmetries  can 
also  help 

So  far,  symmetries  only  made  the  optimal  sensor  placement  problem  more  complicated.  However, 
in  general,  symmetries  are  known  to  help  in  solving  numerical  problems. 

For  example,  if  we  know  that  a  solution  f(x,y,z)  of  a  partial  differential  equation  is  invariant 
with  respect  to  arbitrary  rotations  around  0,  this  means  that  the  value  of  the  desired  function 
f(x,y,z)  depend  only  on  a  single  parameter:  distance  r  =  \Jx 2  +  y2  +  z2  from  0.  Therefore, 
instead  of  a  partial  differential  equation  that  describes  a  function  of  three  variables,  we  have  a  much 
easier- to-solve  regular  differential  equation  that  describes  an  unknown  function  f(r)  of  only  one 
variable. 

We  will  show  that  a  similar  simplification  happens  for  the  sensor  placement  problem. 
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3.5.  Two-step  approach 

We  start  with  a  2-dimensional  geometric  shape,  and  we  want  to  find  a  finite  number  of  points  on 
this  shape,  i.e.,  in  geometric  terms,  a  O-dimensional  shape.  Since  moving  directly  from  a  2D  to  OD 
sets  is  complicated,  we  will  do  this  transition  in  two,  hopefully  easier,  steps  -  from  2D  to  ID  and 
then  from  ID  to  OD: 

•  On  the  first  step,  we  will  find  a  ID  curve  or  curves  along  which  the  optimal  sensor  placement 
will  occur. 

•  Then,  on  the  second  step,  we  will  find  the  optimal  sensor  placements  on  the  chosen  curves. 
Let  us  first  describe  the  first  step. 

3.6.  First  step:  finding  the  optimal  curve  or  curves  on  which  sensors  will  be  placed 

Let  us  start  with  re-formulating  our  problem  in  precise  mathematical  terms. 

3.6.1.  What  is  given 

We  are  given  a  geometric  surface  a  that  has  several ‘symmetries. 

We  can  easily  describe  the  set  G  of  all  these  symmetries,  i.e.,  in  precise  terms,  the  set  of  all 
geometric  transformations  (rotations,  shifts,  and  dilations)  that  leave  this  surface  invariant.  Thus, 
we  can  assume  that  this  set  G  is  given  as  well. 

3.6.2.  An  important  comment  about  transformation  groups 

The  set  of  transformations  is  very  important  because  it  is  a  particular  case  of  a  concept  that  plays 
a  central  role  in  modern  theoretical  physics:  the  concept  of  a  transformation  group. 

Namely,  it  is  easy  to  see  that  if  transformations  g  and  g'  belong  to  this  set  G  (i.e.,  leave  the 
surface  a  invariant),  then  their  composition  go  g'  and  the  inverse  transformation  g~l  also  leave  the 
same  surface  invariant.  A  set  of  transformations  that  satisfies  this  property  is  called  a  transformation 
group. 

3.6.3.  The  objective  of  the  first  step:  from  informal  description  to  precise  formulation 

The  goal  of  the  first  step  is  to  find  either  a  single  curve  or  a  family  of  curves  that  are  optimal  in 
some  reasonable  sense. 

To  describe  this  goal  formally,  we  must  explain  which  families  of  curves  we  will  consider  and 
what  we  mean  by  “optimal”.  Let  is  start  with  families. 

In  general,  a  curve  can  be  described  as  a  mapping  that  traces  this  curve,  i.e.,  in  more  formal 
terms,  a  mapping  r  that  maps  real  numbers  t  into  points  r(t)  in  3D  space.  Correspondingly,  a.  family 
of  curves  can  be  described  as  a  family  of  such  mappings  characterized  by  one  or  several  parameters 
Ci, ... ,  Cp,  i.e.,  in  more  precise  terms,  as  a  mapping  that  maps  tuples  (Ci, . . . ,  Cp,  t )  of  real  numbers 
into  points  f(Ci, . . . ,  Cp,  t)  of  a  3D  space.  If  we  fix  some  values  of  p  parameters  Ci, . . . ,  Cp,  we  get 
a  curve  from  this  family.  (For  example,  the  formula  r(t)  =  (t,C\  •  t  +  C2)  describes  the  family  of  all 
straight  lines  in  a  plane  expect  for  the  lines  that  are  parallel  to  the  y  axis.) 

How  many  parameters  do  we  need  in  a  sensor  placement  problem?  In  the  simplest  possible  case 
of  1-parametric  family  (p  =  1),  the  set  of  all  points  from  all  curves  from  this  family  already  spans  a 
2D  surface.  Thus,  we  do  not  need  more  than  one  parameter  to  describe  the  lines  of  optimal  sensor 
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placements.  So,  in  the  following  text,  we  will  consider  either  single  curves,  or  1-parametric  families 
of  curves. 

Now  that  we  formalized  the  notion  of  a  family,  we  must  describe  what  “optimal”  means.  Here, 
the  set  of  alternatives  is  the  set  of  all  curves  (or  of  all  1-parametric  families  of  curves)  on  the  surface 
a.  As  before,  the  optimality  criterion  is  a  pre-ordering  relation  on  this  set  for  which  there  exists 
exactly  one  optimal  curve  (or  family  of  curves). 

We  also  want  the  optimality  criterion  to  be  natural ,  which  means,  in  particular,  that  the  relative 
quality  of  different  placement  curves  should  not  change  if  we  apply  any  transformation  g  that  leaves 
the  original  surface  a  invariant.  In  precise  terms,  we  require  that  the  pre-ordering  relation  (<,  ~) 
that  describes  our  optimality  criterion  satisfy  the  following  two  conditions: 

•  if  a  >  b  and  g  €E  G,  then  g(a)  >  g{b)\ 

•  if  a  ~  b  and  g  €  G,  then  g(a)  9(b)- 

A  pre-ordering  relation  that  satisfies  these  two  conditions  is  called  invariant  with  respect  to  the 
transformation  group  G. 

So,  we  get  the  following  precise  formulation  of  the  problem  that  correspond  to  the  first  step: 

GIVEN:  a  surface  a  that  is  invariant  with  respect  to  a  group  G  of  geometric  transformations. 
WE  KNOW:  that  on  the  set  of  all  1-parametric  families  of  curves  on  a  surface  a,  a  pre-ordering 
relation  is  given  that  is  invariant  with  respect  to  the  transformation  group  G,  and 
for  which  exactly  one  family  is  optimal. 

FIND:  the  optimal  1-parametric  family. 

3.6.4.  General  solution  to  this  problem 

The  problem,  as  formulated  above,  is  a  particular  case  of  a  general  problem  of  finding  optimal 
families  of  sets  as  formulated  in  the  papers1-3.  In  these  papers,  we  have  actually  solved  this  general 
problem  by  describing  the  general  solution  to  it. 

To  formulate  this  general  solution,  we  need  to  introduce  two  notions:  of  a  subgroup  and  of  an 
orbit. 

•  A  subgroup  Go  of  a  transformation  group  G  is  a  subset  Go  C  Go  that  is  itself  a  transformation 
group. 

For  example,  the  set  of  all  rotations  around  the  z-axis  is  a  subgroup  of  the  group  of  all 
rotations. 

•  To  describe  an  orbit  of  a  transformation  group  G,  we  must  fix  a  point  r.  If  we  apply  all 
transformation  from  G  to  this  point  r,  then  the  resulting  set  {g(r)  |  g  €  G}  is  exactly  the 
orbit. 

For  example,  for  the  group  G  of  all  rotations  around  the  z-axis,  depending  on  the  choice 
of  the  point  r,  we  get  either  a  point  (if  r  is  on  this  axis),  or  a  circle  circling  around  the 
axis. 
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In  these  terms,  the  above-mentioned  solution  is  as  follows:  Every  set  from  the  optimal  family 
consists  of  one  or  several  orbits  of  subgroups  of  the  original  transformation  group. 

Thus,  to  apply  this  general  solution  to  our  problem,  we  must,  for  all  the  geometric  shapes 
enumerated  above: 

•  find  all  subgroups  Go  of  the  corresponding  transformation  groups  G;  and  then 

•  find  all  orbits  of  these  subgroups. 

This  is  a  (somewhat  tedious  but)  doable  task.  The  results  are  as  follows: 

3.6.5.  The  results  of  Step  1:  Optimal  curves  for  sensor  placement 

•  For  a  cylinder,  possibly  optimal  curves  (i.e.,  orbits  of  subgroups)  are: 

—  straight  lines  parallel  to  the  cylinder’s  axis; 

—  circles  orthogonal  to  the  cylinder’s  axis;  and 

—  cylindric  spirals. 

These  spirals  can  be  easily  described  in  cylindric  coordinates  ( z ,  p ,  y>),  in  which  z  is  a 
coordinate  along  the  cylinder’s  axis,  p  is  a  distance  from  this  axis,  and  is  an  angle 
from  some  fixed  direction  orthogonal  to  the  z-axis.  In  these  coordinates,  a  spiral 
takes  the  form  p  =  const  and  =  k  •  z,  for  some  constant  k. 

Cylindric  spirals  are  generic  orbits;  straight  lines  and  circles  can  be  viewed  as  their  degenerate 
cases. 

•  For  a  plane,  possibly  optimal  curves  (i.e.,  orbits  of  subgroups)  are: 

—  straight  lines ; 

—  circles ; 

—  logarithmic  spirals,  i.e.,  curves  describe  by  the  equation  p  —  C  ■  exp(A;  •  </?)  in  polar 
coordinates. 

Here,  logarithmic  spiral  is  a  generic  shape. 

•  For  a  sphere,  possibly  optimal  curves  (i.e.,  orbits  of  subgroups)  are  circles. 

•  For  a  cone,  possibly  optimal  curves  (i.e.,  orbits  of  subgroups)  are: 

—  straight  line  rays  going  from  the  vertex  of  the  cone; 

—  circles  that  are  orthogonal  to  the  cone’s  axis;  and 

—  conic  spirals. 

In  cylindrical  coordinates  (z,p,ip),  in  which  the  cone  is  described  by  the  equation 
p  =  C  •  z,  a  conic  spiral  is  described  by  the  formula  =  k  •  z  for  some  constant  k. 

Conic  spirals  are  the  generic  type  of  orbits. 
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Therefore,  depending  on  the  shape,  sensors  should  be  placed  along  one  or  several  of  these  curves. 

3.6.6.  Important  comments 

1.  If  the  optimal  sensor  placement  is  not  along  a  single  curve,  but  along  several  curves,  then  the 
same  ideas  of  transformation  groups  can  be  used  to  choose  appropriate  families  (as  orbits  of  discrete 
subgroups).  Let  us  give  a  few  examples: 

•  If  we  have  several  straight  lines  on  the  cylinder,  these  straight  lines  must  be  equidistant  in  the 
sense  that  the  angular  distant  between  every  two  neighboring  lines  is  the  same. 

•  If  we  have  several  circles  around  the  cylinder,  then  these  circles  should  be  equidistant. 

•  If  we  have  several  straight  lines  on  a  plane,  then  these  straight  lines  should  be: 

—  either  parallel  and  equidistant, 

—  or  parallel  at  distances  that  form  a  geometric  progression,  or 

—  pass  through  the  same  point  and  form  equidistant  angles. 

•  If  we  have  several  circles  on  a  plane,  then  these  circles  must  be: 

—  either  parallel,  equal,  and  equidistant, 

—  or  concentric,  with  their  radii  forming  a  geometric  progression,  etc. 

2.  In  space  structures ,  we  face  yet  another  shape:  a  paraboloid  ( y  —  z  =  c  •  x2).  This  structure  is 
invariant  with  respect  to  rotations  and  re-scalings  x'  —  Ax,  y'  —  A 2y,  z'  —  A 2z.  For  this  group,  we 
can  also  describe  the  resulting  orbits  as  spirals  ( p  —  C  ■  exp(fc  •  ip)  in  cylindric  coordinates). 

3.7.  Second  step:  finding  the  actual  sensor  placements  (main  idea) 

The  problem  that  corresponds  to  the  second  step,  i.e.,  the  problem  of  selecting  a  OD  subset  from 
a  ID  curve  can  be  formulated  and  solve  in  a  similar  manner  as  the  problem  that  we  solved  at  the 
first  step. 

•  We  started  with  a  surface  a  with  a  transformation  group  G. 

•  On  the  first  step,  optimal  curves  for  sensor  placements  from  orbits  of  subgroups  Go  of  this 
group  G. 

•  Similarly,  on  the  second  step,  optimal  sensor  placements  form  orbits  of  subgroups  G\  of  the 
corresponding  groups  Go- 

From  the  mathematical  viewpoint,  the  main  difference  between  these  two  steps  is  that  on  the  second 
step,  we  start  alreday  with  a  ID  transformation  group  Go  and  thus,  its  subgroups  Gj  are  discrete. 
Thus,  we  face  the  problem  of  describing  all  orbits  of  discrete  subgroups  of  the  above  groups. 

Due  to  lack  of  space,  we  are  not  able  to  enumerate  all  possible  orbits  of  this  type  here,  but  we 
will  briefly  enumerate  the  ones  that  correspond  to  generic  curves:  on  a  cylinder,  we  get  equidistant 
points  on  a  cylindric  curve;  on  a  plane  and  on  a  cone,  we  get  points  on  the  corresponding  spiral 
whose  distances  from  the  center  of  this  spiral  form  a  geometric  progression. 

In  all  these  families,  there  are  still  a  few  parameters  whose  choice  depends  on  what  exactly  our 
goal  is.  The  specific  values  of  these  parameters  are  determine  by  a  neural  network. 
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4.  Neural  networks:  in  brief 


Ideally,  we  should  test  different  sensor  placements  on  different  fault  locations  using  the  precise 
model  an  aerospace  structure.  However,  such  a  precise  model  is  very  computationally  intensive,  so 
this  direct  way  is  intractable.  Instead,  we  train  a  neural  network  to  describe  the  structure,  and 
then  test  different  sensor  placements  by  using  this  easier-to-compute  neural  model. 
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DISCUSSION 


Computational  Geometry  and  Artificial  Neural  Networks: 
A  Hybrid  Approach  to  Sensor  Placement 


Speaker:  Kreinovich 

Are  you  aware  of  any  successful  efforts  on  online  NDE  sensor  during  flight?  Several  pub¬ 
lished  efforts  I  have  come  across  have  raised  more  questions  than  solutions.  — Krishnan 
Balasubramaniam 

You  are  absolutely  right,  in-flight  NDE  for  planes  is  still  in  a  very  experimental  stage.  In¬ 
flight  NDE  is,  however,  successfully  used  in  space  exploration,  where,  e.g.: 

For  a  space  station,  it  is  impossible  to  ground  it,  so  all  testing  has  to  be  done  inflight ,  and 
for  a  Space  Shuttle,  it  is  extremely  important  to  test  it  in-flight  before  landing. 

In-flight  NDE  for  planes  has  its  potential  advantages,  and  the  main  reason  why  in-flight  NDE 
is  not  actively  used  for  planes  is  that  planes  are  not  designed  for  in-flight  NDE.  As  I  men¬ 
tioned  in  the  talk,  if  we  simply  add  sensors' to  existing  planes,  we  create  lots  of  problems  with 
aerodynamics,  maintenance,  collecting  information,  etc.  One  of  the  goals  of  our  present 
research  is  to  promote  the  design  of  new  planes  with  built-in  in-flight  NDE  sensors  and 
systems. 

Which  are  the  criteria  used  for  the  sensor  placement?  — M.  Castro-Colin 
For  different  situations,  different  criteria  are  most  appropriate: 

In  some  situations,  the  main  objective  is  to  timely  detect  a  fault;  as  soon  as  the  fault  is  de¬ 
tected,  we  can,  e.g.,  ground  the  plane  and  thoroughly  test  it  on  the  ground. 

For  such  situations,  it  is  natural  to  choose  the  sensor  placement  for  which  the  probability  of 
detecting  a  fault  (of  a  certain  given  size)  is  the  largest  possible. 

In  other  situations,  it  is  desirable  not  only  to  detect  a  fault,  but  also  to  estimate  its  size  and 
location,  so  that  we  will  be  able  to  determine  its  potential  consequences  and,  if  necessary, 
make  appropriate  corrections  in  the  flight  control. 

For  such  situations,  it  is  more  appropriate  to  choose  the  sensor  locations  for  which,  e.g.,  the 
least  square  error  of  determining  fault  parameters  is  the  smallest  possible. 

In  view  of  the  potential  multitude  of  different  optimality  criteria,  in  our  research  project,  we 
did  not  fix  a  single  criterion,  but  instead,  tried  to  consider  all  possible  ( engineering  meaningful ) 
optimality  criteria.  As  a  result,  we  have  a  two-stage  description  of  the  optimal  sensor  locations: 

On  the  first  stage,  we  describe  all  possible  sensor  locations  that  are  optimal  relative  to  some 
criteria.  The  collection  of  these  locations  does  not  depend  on  the  choice  of  the  criterion,  and 
it  is  formulated  in  geometric  terms. 

On  the  second  stage,  we  use  the  exact  criterion  to  choose,  among  all  possibly  optimal  sensor 
locations  (i.e.,  locations  that  can  be  optimal  for  different  criteria ),  the  sensor  location  that  is 
the  best  with  respect  to  this  particular  criterion. 

For  the  second  stage,  we  have  so  far  used  only  the  two  particular  criteria  explained  above , 
but  our  methodology  can  be  easily  applied  to  other  possible  criteria  as  well. 
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Evaluation  of  lattice/skin  composite  structures  with  Shearography 

Arup  K.  Maji 

University  of  New  Mexico 
Albuquerque,  NM  87131 


ABSTRACT 

Graphite-epoxy  composites  consisting  of  a  skin  and  an  attached  stiffening  grid  has  now 
been  flight  tested  and  is  under  consideration  for  a  number  of  space  structures  applications.  The 
predominant  failure  mode  in  these  composites  stem  from  the  disbonding  of  the  skin  from  the 
rib  system.  Electronic  shearography  was  used  as  a  full-field,  non-invasive  means  of  detecting 
such  disbonds. 

Two  applications  of  shearography  are  discussed  in  this  paper,  i)  to  study  the 
propagation  of  a  preexisting  crack  under  flexural  loading,  and  ii)  to  study  the  delectability  of 
such  disbonds  in  a  closed  cylinder  structure.  Finite  element  analyses  involving  fracture 
mechanics  and  quantifying  the  strain  field  corresponding  to  applied  loading  were  used  to 
interpret  the  shearography  results.  The  analysis  also  allows  the  evaluation  of  various  methods 
of  stressing  such  structures  for  the  purpose  of  conducting  shearography  inspection. 


Keywords  :  Composite,  Shearography,  Nondestructive,  Lattice,  Fracture,  Graphite,  Epoxy. 
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1.  INTRODUCTION 


1.1  Shearography 

Advances  in  laser  interferometry  and  image  processing  hardware  has  made 
shearography1  an  attractive  tools  for  the  measurement  of  surface  phenomena.  The  setup  for 
shearography  involves  an  object  lighted  by  an  extended  laser  beam,  and  an  imaging  system 
used  to  capture  its  image  (Figure  1).  Currently,  imaging  and  data  processing  is  implemented 
with  the  aid  of  electronic  technology.  Images  are  stored  with  a  CCD  (charge  coupled  device) 
camera,  which  is  operated  by  a  personal  computer  and  an  image  analysis  system.  Digital  image 
processing  technology  has  now  been  integrated  with  shearography  for  the  detection  of 
disbonds  in  aerospace  structures^.3.  The  video  camera  takes  only  1/60  seconds  to  acquire  an 
image,  therefore,  vibration  isolation  and  ambient  light  are  not  problems  encountered  with  the 
ES  technique. 

An  image  of  the  object  containing  numerous  speckles  is  first  acquired  by  the  image 
analysis  system  and  stored  in  computer  memory.  These  speckles  are  caused  by  the  interference 
of  the  laser  beam  with  the  object's  surface;  therefore  no  specimen  preparation  is  necessary.  The 
specimen  is  thereafter  deformed  by  loading  while  the  ccd  camera  continues  to  acquire  images. 
The  image  processing  system  continuously  subtracts  the  initial  image  stored  in  memory,  and 
displays  the  image  resulting  from  the  subtraction  on  the  video  screen.  This  produces  a  fringe 
pattern  on  the  video  screen.  The  fringes  increase  in  number  with  increasing  deformation. 
Testing  and  inspection  can  therefore  be  carried  out  in  real  time.  The  image  at  a  point  on  the 
image  plane  is  caused  by  the  interference  of  the  speckle  patterns  arising  from  two  points  on  the 
object  plane,  and  vice-versa.  This  is  done  by  an  image  shearing  device,  in  our  case  a 
birefringent  crystal3  that  separates  two  orthogonally  polarized  components  of  the  laser  light 
going  to  the  image  plane.  The  technique  therefore  uses  the  interference  of  coherent  laser  beams 
to  detect  displacement  derivatives  or  strains.  Also,  because  the  fringe  pattern  designates  strains, 
rather  than  displacements,  the  setup  is  not  as  sensitive  to  rigid  body  motions  as  other 
interferometry  techniques. 

1.2  Lattice-skin  Structure 

The  development  of  structural  components  with  high  strength  and  stiffness,  which  are 
also  lightweight  and  economical  have  always  been  important  to  the  aerospace  industry.  In  the 
late  1960s  and  the  early  1970s,  McDonnell  Douglas  pioneered  the  design  and  manufacture  of 
an  aluminum  structure  comprising  of  a  skin,  stiffened  by  a  system  of  grids  or  lattice4.  A  simple 
triangular  system  of  stiffening  elements  at  60°  orientations  provided  an  overall  isotropic 
behavior;  hence  the  name  ‘isogrid’  (Figure  2).  Structural  design  methods  developed  in  the  70s 
led  to  the  extensive  use  of  aluminum  alloy  isogrids  as  the  payload  shroud  and  the  interstage  of 
the  Titan  and  Delta  spacecrafts.  The  successes  and  the  excitements  in  the  space  program  in  the 
1970s,  coupled  with  the  global  energy  crises  instigated  the  exploration  of  composite  materials 
for  manufacturing  the  next  generation  of  isogrid  structures3.  Reddy  et  alP  compared  the 
isogrid  with  other  lattice  reinforcement  schemes  (orthogrid  and  generalized  orthogrid),  under 
various  loading  combinations,  and  concluded  that  the  isogrid  was  the  most  attractive  due  to  its 
damage  tolerant  characteristics.  Advanced  space  applications  of  isogrids  are  currently  being 
pursued  for  solar  array  panels,  satellites  (Mightysat),  payload  shroud  (flown  in  1996),  etc.  A 
significant  portion  of  these  developments  are  being  pursued  by  the  structural  composites 
section  of  the  Air  Force  laboratories  in  Albuquerque,  NM. 
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1.3  Research  Objectives 

The  rib/skin  interface  in  isogrids  is  a  matrix  dominated  interface  which  consequently 
forms  a  weak  link  in  the  isogrid  structure.  Disbonds  can  develop  during  manufacture,  or  due  to 
in-service  loads.  Two  issues  addressed  in  this  paper  are  : 

i)  Under  what  load  would  an  existing  interface  crack  propagate,  i.e.,  how  much  weaker 
is  that  interface  compared  to  a  good  interface^  ?  and 

ii)  Can  such  interface  cracks  be  detected  from  outside  of  a  cylindrical  isogrid  structure^  ? 
The  details  of  these  two  issues  have  been  presented  elsewhere^,  and  the  application  of 
shearography  towards  these  two  problems  is  discussed  here. 


2.  IDENTIFYING  CRACK  PROPAGATION 

2.1  Fracture  Mechanics  Analysis 

According  to  linear  elastic  fracture  mechanics,  a  crack  is  expected  to  propagate  when  G, 
the  Energy  release  rate  due  to  the  applied  loading  reaches  a  critical  value  Gc,  which  is  an 
experimentally  determined  material  property.  G  is  used  rather  than  the  stress  intensity  factors 
because  it  is  better  defined  in  the  context  of  fracture  at  bimaterial  interfaces.  The  finite  element 
method  (FEM)  was  used  to  numerically  calculate  G  for  the  interface  cracks.  A  commercially 
available  finite  element  software,  ‘IDEAS’  was  used  because  of  its  ability  to  incorporate 
orthotropic  material  model  and  its  post-processing  capabilities.  The  T-beams  tested  in  our 
laboratory  (discussed  later)  were  modeled  next  using  a  2-dimensional  mesh  with  a  different 
thickness  for  the  rib  and  the  skin  sections  (Figure  3).  Orthotropic  material  properties  were 
used,  different  for  the  rib  (web)  and  the  skin  (flange)^.  Four  noded  rectangular  ‘thin  shell’ 
elements  were  used  to  generate  the  initial  mesh.  Crack  surfaces  (1/2"  and  1"  long)  were 
introduced  by  separating  the  nodes  on  the  two  sides  at  the  appropriate  locations. 

2.2  Testing  Precracked  Beams 

Specimens  2"  in  span  were  cut  out  of  a  18"  square  isogrid  panel  made  of  IM7  graphite 
fiber  and  977-2  epoxy  prepregs  and  tows.  Diamond  cutting  blade  was  used  to  cut  rib-skin 
specimens  and  to  insert  the  1/2"  and  1"  cracks  at  the  rib/skin  interfaces.  The  T-beams  with  and 
without  the  preinserted  cracks  were  tested  in  three  point  bending.  The  loading  fixture  was 
mounted  on  an  optical  table  to  facilitate  examination  with  electronic  shearography.  Based  on  the 
LEFM  energy  release  rate  criteria  (crack  propagates  when  G  =  Gc),  the  failure  loads  for  the 
1/2"  and  1"  crack  specimens  were  calculated  to  be  106  lbs.  and  32  lbs.  respectively,  which 
agrees  reasonable  well  with  the  test  data  Figure  4. 

2.3  Use  of  Shearography 

The  initial  plan  to  use  shearography  during  these  tests  was  to  see  when  the  cracks 
propagate,  and  how  much,  at  different  loading  stages.  It  turned  out  that  there  was  no  slow 
crack  growth,  and  the  crack  propagation  occurred  in  an  unstable  manner  at  the  peak  load.  Up  to 
that  point  the  shearography  fringe  patterns  showed  a  strain  concentration  at  the  crack  tip 
(Figure  5),  but  no  evidence  of  ductility  or  slow  crack  growth.  All  the  specimens  tested  failed  at 
the  rib-skin  connection,  and  from  the  tip  of  the  artificial  notches  as  expected.  Not  observing 
crack  propagation  motivated  the  use  of  linear  elastic  fracture  mechanics  to  capture  the  loss  of 
strength  at  a  disbonded  rib/skin  interface.  It  also  justified  the  use  of  the  original  crack  length  in 
our  estimate  of  G  in  the  finite  element  analyses. 
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3.  DETECTABILITY  OF  THE  DISBONDS 


The  manufacture  and  design  of  cylindrical  composite  isogrids  are  also  being  pursued  by 
the  structural  composites  section  of  the  Air  Force  laboratories  in  Albuquerque  (Figure  6).  The 
cylinders  were  made  by  a  five  axis  filament  winding  machine.  These  specimens  were  also 
made  of  IM7  graphite  fiber  and  977-2  epoxy  prepregs  and  tows. 

The  rib-skin  interface  of  such  structures  are  prone  to  failure  both  due  to  stress 
concentrations  and  due  to  microstructural  anomalies.  There  are  distinct  resin  rich  zones  (bands) 
where  there  are  no  fibers  at  or  near  the  interface  which  is  prone  to  cracking.  Such  zones 
provide  a  weak  shear  plane  which  leads  to  crack  initiation  and  consequent  premature  buckling 
of  the  ribs.  This  occurs  due  to  excessive  compaction  of  the  ribs  during  cure,  from  the  use  of 
rubber  molds  with  high  coefficient  of  thermal  expansion.  The  objective  of  this  experiment  was 
to  see  if  shearography  could  be  used  to  differentiate  between  an  intact  rib  and  a  disbonded  one. 

3.1  Finite  Element  Analyses 

The  same  finite  element  package  'I-deas'  was  used.  A  two  dimensional  analysis  was 
performed  with  linear  beam  elements  to  model  the  ribs  (dark  lines)  and  three-noded  triangular 
shell  elements  to  model  the  skin  sections.  The  rib  length  between  the  nodes  was  3.6",  as  in  the 
actual  structure.  The  accuracy  of  the  FEM  mesh  was  verified  against  theoretical  values. 

Post-processing  capabilities  were  used  to  generate  contour  plots  of  dw/dx  (rotation 
about  the  y-  axis),  since  the  shearography  fringes  are  sensitive  to  the  same  quantity.  These 
contour  plots  are  FEM  predictions  of  shearography  fringe  pattern.  The  ribs  were  0.05"  thick 
and  0.5"  high,  and  the  skin  was  0.02"  thick,  as  in  the  isogrids  tested. 

Figure  7a  shows  the  FEM  mesh  generated;  dark  lines  showing  the  ribs.  An  unit  load  in 
the  Z  direction  was  applied  close  to  the  horizontal  rib,  at  the  point  encircled.  The  fringe  pattern 
expected  from  shearography  is  also  predicted  in  this  Figure.  Note  that  the  fringe  pattern  (Figure 
7a)  is  qualitatively  similar  to  the  experimentally  observed  fringe  pattern  (Figure  7b). 

The  rib  below  the  fringe  pattern  is  then  separated  from  the  skin  by  detaching  it  at  the 
four  intermediate  nodes.  The  FEM  and  experimental  fringe  pattern  now  changes  to  that  in 
Figure  8a  and  8b.  Note  that  the  fringe  pattern  continues  into  the  adjacent  triangle,  since  the 
deformation  field  is  significant  in  the  adjacent  triangle.  Also,  it  takes  an  order  of  magnitude  less 
force  to  create  each  fringe  line,  compared  with  the  previous  case  (intact  rib). 

3.2  Adjustments  to  Shearography 

Two  problems  were  encountered  for  global  nondestructive  inspection  : 

i)  Inspecting  a  large  area  was  difficult  with  our  set-up  due  to  the  speckle  size  being  too 
small  to  be  resolved  by  our  system  (11  microns  pixel  resolution).  This  could  be  overcome  with 
a  better  camera  system  or  with  a  more  powerful  laser  (to  decrease  aperture  and  hence  increase 
speckle  size).  The  area  inspected  was  reduced  to  a  6"x  6"  square. 

ii)  The  panel  was  very  reflective  and  the  variation  in  amplitude  due  to  the  speckles  was 
smeared  by  the  light  directly  reflected.  Adjusting  the  illumination  angle  helped  alleviate  the 
problem.  The  reflective  component  can  be  further  reduced  by  placing  a  polarizer  in  front  of  the 
birefringent  crystal  and  the  ccd  camera.  The  speckle  intensity  field  is  randomly  polarized, 
whereas  the  reflected  component  is  polarized.  Therefore,  adjusting  the  polarizer  makes  it 
possible  to  reduce  the  detrimental  effect  of  the  reflective  component. 


76 


4.  CONCLUSIONS 


Shearography  showed  the  strain  concentration  at  the  tip  of  rib/skin  cracks.  It 
demonstrated  that  the  crack  propagation  is  sudden  at  the  peak  load,  and  not  accompanied  by 
any  slow  crack  growth.  The  use  of  electronic  shearography  (ES)  to  locate  partially  disbonded 
ribs  in  lattice/skin  structures  was  successful.  ES  shows  promise  for  rapid  in-service  inspection 
of  such  composite  structures.  The  fringe  patterns  observed  during  our  inspection  agreed  with 
those  predicted  from  finite  element  analyses.  Such  analyses  can  also  help  design  the  ES 
inspection  set-up  with  proper  sensitivity. 
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Streering  Mirror 


HE/NE  LASER 


Figure  1.  Electronic  Shearography  Set-up 
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Isogrid  Panel 


Figure  2.  Isogrid  Structure 


Figure  3.  Finite  Element  Mesh  to  Analyze  Cracked  T-Beam 
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Load  (lbs) 


Figure  4.  Failure  Load  vs.  Crack  Length 


Figure  5.  Fringe  Concentration  at  the  Tip  of  1/2"  and  1"  Cracks 


Figure  6.  Isogrid  Cylinder 
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Figure  7a, b.  FEM  and  Shearography  Fringe  Pattern  (Intact  Rib) 


Figure  8a, b.  FEM  and  Shearography  Fringe  Pattern  (Broken  Rib) 


DISCUSSION 


Evaluation  of  Lattice/Skin  Composite  Structures  with  Shearography 


Speaker:  Maji 

The  type  of  loading  that  would  be  best  for  a  given  structure  appears  to  be  difficult  to  deter¬ 
mine  a  priori,  your  FEM  models  should  be  a  good  way  to  do  this.  — Ajit  Mai 

Yes,  one  can  decide  if  mechanical  or  thermal  deformation  is  best  and  the  required  magnitude 
based  on  FEM  analyses. 


Work  has  been  done  on  dynamic  shearography.  Are  you  familiar  with  the  work  of 
Krishnaswamy?  — J.  D.  Achenbach 

Not  specifically.  I  have  seen  a  lot  of  work  on  low  frequency  dynamic  stressing  and 
shearography.  I  have  seen  Krishnaswami’s  work  on  dynamic  ESPI  and  phase  modulated 
shearography. 
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ABSTRACT 

We  describe  an  infrared  thermal  wave  technique  for  imaging  and  making  corrosion  thinning  measurements  on 
aircraft  skins.  The  technique  uses  pulsed  surface  heating  and  fast,  synchronous  IR  imaging  of  the  surface 
temperature  contrast  to  form  wide-area  images  of  subsurface  structures  on  time  scales  on  the  order  of  two  or 
three  seconds.  Structures  revealed  include  rear-surface  skin  corrosion,  disbonded  doublers,  etc.  Quantitative 
corrosion  thinning  measurements  with  a  sensitivity  on  the  order  of  one  percent  are  described.  Results  from 
recent  laboratory  experiments  and  hangar  tests  are  presented. 

Keywords:  corrosion,  aircraft,  thermal  wave,  infrared,  imaging 


1.  INTRODUCTION 

Thermal  wave  imaging  is  a  nondestructive  evaluation  (NDE)  technique  which  is  capable  of  measuring 
aircraft  skin  corrosion  thinning.  This  technique  uses  pulses  of  heat  in  a  fashion  which  is  similar  to  pulsed 
ultrasonics  for  echo-ranging.  A  short  pulse  of  heat  is  applied  uniformly  over  a  wide  area  (typically  a  square  foot 
or  more)  of  the  surface,  usually  by  means  of  high-power  photographic  flashlamps.  This  pulse  propagates  into 
the  material  as  a  plane  wave,  which,  when  it  encounters  any  sharp  change  in  thermal  properties,  is  partially 
reflected  back  to  the  surface  where  it  affects  the  time  dependence  of  the  surface  temperature.  The  delay  time 
involved  in  the  propagation  of  the  pulse  down  to  the  defect  and  back  to  the  surface  is  a  quadratic  function  of  the 
depth  of  the  defect.  This  behavior  differs  from  that  of  ultrasonic  pulses,  for  which  the  delay  time  is  linear  in  the 
depth  of  the  defect.  This  difference  results  from  the  different  form  of  the  elastic  wave  equation  and  the  heat 
equation.  While  both  equations  have  second  order  spatial  derivatives,  the  elastic  equation  also  has  second  order 
time  derivatives,  but  the  thermal  diffusion  equation  is  first  order  in  time.  The  result  is  that,  while  both  equations 
have  wave-like  solutions,  the  solution  of  the  heat  equation  for  a  single  Fourier  component  of  the  applied  heat 
pulse  is  critically  damped  -  i.e.,  it  has  equal  real  and  imaginary  parts  to  its  propagation  vector,  such  that  it  has 
been  reduced  by  a  factor  of  more  than  500  in  a  propagation  distance  of  one  thermal  wavelength.  Also,  the 
velocities  of  different  Fourier  components  are  proportional  to  the  square  root  of  their  frequencies,  so  that  a  pulse 
is  extremely  dispersive.  The  combined  effect  of  these  two  features  is  to  produce  the  observed  quadratic 
time/distance  relationship.  In  addition,  the  dispersion  causes  the  original,  few  millisecond  wide  pulse  to 
become  dramatically  broadened,  so  that  for  the  typical  aircraft  fuselage  skin,  the  returning  pulse  has  a  width  of 
several  tens  of  milliseconds. 
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A  practical  version  of  such  a  thermal  wave  imaging  instrument  for  use  in  inspecting  aircraft  uses  pulse 
heating  of  the  aircraft  by  means  of  two  linear  photographic  flashlamps  which  are  enclosed  in  a  metal  shroud 
which  traps  and  funnels  the  light  uniformly  onto  the  surface  during  the  5  msec  duration  of  the  pulse.  An 
infrared  (IR)  focal  plane  array  camera,  aimed  and  focused  at  the  surface  through  an  opening  in  the  rear  of  the 
hand-held  shroud,  monitors  the  rapid  cooling  of  that  surface  following  the  pulse.  Regions  of  the  skin  which 
have  been  thinned  because  of  hidden  corrosion  cool  less  rapidly  than  the  surrounding  uncorroded  skin,  because 
the  returning  thermal  wave  pulse  slows  down  the  cooling.  The  thermal  wave  system  acquires  images  in  a  series 
of  time  gates  after  the  flash.  With  appropriate  selection  of  the  gate  time(s)  for  monitoring  the  cooling,  thinner 
areas  show  up  as  distinct  lighter  features  in  the  resulting  thermal  wave  images.  The  entire  image  acquisition 
process  is  carried  out  under  the  control  of  a  Windows™  program  in  a  portable  computer.  Our  system  has  the 
electronics  and  computer  mounted  on  a  two-wheeled  cart,  and  the  imaging  head  (shroud/lamps/camera) 
remotely  located  and  connected  to  the  cart  by  a  long  (50-ft)  umbilical  cable.  Figure  1  shows  a  photograph  of 
this  system  in  use  for  imaging  disbonded  doubler  structures  in  a  B747  at  a  commercial  airline  maintenance 
facility.  The  white  area  on  the  747  is  a  layer  of  aircraft  wax  prior  to  buffing.  This  layer  is  used  to  minimize 
reflections,  and  is  simply  wiped  off  after  the  inspection. 


Fig.  1  Photograph  of  the  thermal  wave  imaging  system  in  use  in  a  commercial  airline  maintenance  facility. 


2.  DETECTION  OF  HIDDEN  CORROSION 


The  thermal  wave  imaging  system  described  above  has  the  capability  for  rapid  detection  of  hidden 
corrosion  on  aircraft.  We  have  tested  this  capability  using  the  AANC  B737  testbed  aircraft.  An  example 
thermal  wave  image  from  this  testing  is  shown  in  Fig.  2.  There  is  extensive  corrosion  showing  as  lighter, 
irregularly  shaped  regions  in  this  image.  The  lighter  regular  stripe-like  areas  are  areas  where  the  tear 
strap/doublers  have  disbonded,  and  it  evident  that  all  of  the  doublers  in  this  region  are  disbonded.  The  corroded 
areas  can  be  distinguished  from  the  disbonded,  but  uncorroded  areas  by  means  of  the  thermal  wave  corrosion 
analysis  technique  which  will  be  described  in  the  following  section.  To  show  the  contrast  between  corroded 
and/or  disbonded  areas,  in  Fig.  3  we  show  another  area  from  the  same  aircraft,  but  one  which  displays  neither 
corrosion  nor  disbonding. 


Fig.  2  A  montage  of  thermal  wave  images  of  a  region  of  fuselage  skin  from  the  B737  testbed  aircraft  in  the 
AANC  hangar.  The  dark  circles  are  fasteners  and  are  spaced  approximately  one  inch  apart.  The  irregular 
lighter  areas  are  corrosion. 
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Fig.  3  A  montage  of  thermal  wave  images  of  a  region  of  uncorroded  fuselage  skin  from  the  B737  testbed 
aircraft  in  the  AANC  hangar.  The  dark  horizontal  and  vertical  bands  are  well-bonded  tear  strap  doubler 
structures. 


Figure  4  shows  thermal  wave  images  of  intergranular  corrosion  extending  outward  from  the  countersinks  of 
KC-135  steel  fasteners  in  aluminum  wingskin.  The  corrosion  shows  up  as  diffuse  lighter  areas  extending  out 
from  the  circular  shape  of  the  rivet  head.  The  rivet  head  itself  shows  as  a  bright  thermal  wave  feature,  because 
of  the  fact  that  the  steel  has  much  lower  thermal  conductivity  than  the  surrounding  aluminum.  In  obtaining 
these  images,  the  IR  optics  were  changed  so  as  to  obtain  greater  magnification  than  was  used  to  image  the  large 
areas  of  fuselage  shown  in  Figs.  2  and  3.  These  images  are  part  of  a  set  of  80  fasteners  in  KC-135  and  B-52 
wingskin 
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coupons,  which  were  used  for  a  round-robin  "blind"  test  of  NDE  technologies  during  the  past  year.  The  results 
of  that  testing  showed  that  the  thermal  wave  inspection  found  nearly  ninety  percent  of  the  corroded  fasteners 
without  a  single  "false  call."  The  corrosion  was  artificially  produced  under  controlled  conditions,  and  the 
coupons  were  sectioned  after  the  round-robin  testing  to  verify  the  presence  of  corrosion  and  determine  its 
severity.  However,  such  corrosion  is  known  to  be  a  problem  in  both  KC-135  and  B-52  wing  skins  and  occurs 
naturally  in  those  aircraft.  It  also  can  be  a  problem  in  commercial  aircraft,  as  is  illustrated  in  Fig.  5,  which 
shows  naturally  occurring  intergranular  corrosion  in  the  upper  wingskin  of  the  AANC  B737  testbed,  in  the 
vicinity  of  a  set  of  steel  fasteners. 


Fig.  4  Thermal  wave  images  of  several  wingfasteners  in  a  section  of  KC-135  wingskin.  All  but  three  of  these 
fasteners  exhibit  intergranular  corrosion,  extending  out  from  the  countersink  of  the  fastener,  this  corrosion  is 
beneath  the  surface,  and  cannot  be  detected  visually.  These  fasteners  show  up  as  light  on  a  darker  background 
because  they  are  steel  and  have  a  much  lower  thermal  conductivity  than  the  aluminum  skin  in  which  they  are 
countersunk. 
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Fig.  5  Thermal  wave  images  of  several  wingfasteners  in  a  section  of  wingskin  on  the  B 73 7  testbed  aircraft  at 
AANC.  Several  of  these  fasteners  exhibit  the  same  kind  of  intergranular  corrosion  as  seen  on  the  KC-135  skin 
shown  above  in  Fig.  4.  This  corrosion  occurred  naturally,  and  in  two  cases  is  considerably  more  severe  than  the 
artificially  produced  corrosion  in  the  KC-135  sample  of  Fig.  4. 

3.  QUANTIFICATION  OF  CORROSION 


In  Fig.  6,  we  show  a  thermal  wave  image  in  the  form  of  a  3-D  perspective  plot,  showing  five  intentionally 
corroded  regions  on  the  rear  surface  of  a  40-mil  aluminum  skin.  The  percentages  of  material  loss  shown  in  the 
figure  were  determined  through  the  use  of  a  corrosion  analysis  computer  algorithm1,2  which  is  available 
immediately  following  the  acquisition  of  the  data,  which  takes  just  two  seconds  after  the  flash  heating  of  the 
skin.  This  algorithm  uses  the  uncorroded  skin  in  the  vicinity  of  the  corrosion  as  a  calibration  reference,  and 
therefore  does  not  require  a  prior  knowledge  of  the  absolute  thickness  of  the  skin  nor  a  prior  knowledge  of  the 
particular  alloy  used  for  the  skin.  If  absolute  skin  thickness  measurement  is  desired,  a  separate  calibration  plate 
can  be  placed  in  the  field  of  view  of  the  thermal  wave  imager.  We  have  generated  a  number  of  such  corrosion 
regions  on  skins  with  both  40-mil  and  71 -mil  thicknesses,  and  have  compared  the  results  of  our  thermal  wave 
corrosion  analysis  algorithm  against  direct  micrometer  measurements.  The  results  of  our  comparison  are  shown 
as  a  graph  in  Fig.  7,  and  the  agreement  is  excellent.  The  mildest  region  of  corrosion  was  less  than  1%  material 
loss,  showing  that  the  sensitivity  of  the  technique  is  much  better  than  that  typically  required  for  aircraft 
inspection. 
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Fig.  6  Thermal  wave  image  in  the  form  of  a  3-D  perspective  plot,  showing  five  intentionally  corroded  regions 
on  the  rear  surface  of  a  40-mil  aluminum  skin.  The  percentages  of  material  loss  shown  in  the  figure  were 
determined  through  the  use  of  a  corrosion  analysis  computer  algorithm  which  is  available  immediately 
following  the  acquisition  of  the  data,  which  takes  just  two  seconds  after  the  flash  heating  of  the  skin. 
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Micrometer 


Fig.  7  Comparison  between  thermal  wave  measurements  of  material  corrosion  loss  and  direct  micrometer 
measurements  for  twenty  regions  of  intentional  corrosion  on  four  skins  (two  which  are  40-mil  thickness,  and 
two  which  are  71 -mil  thickness),  showing  the  accuracy  and  sensitivity  of  the  thermal  wave  corrosion  analysis. 


In  Fig.  8  we  show  a  thermal  wave  image  from  a  region  of  lap  splice  on  the  B737  testbed  at  AANC.  This 
image  shows  naturally  occurring  corrosion,  both  on  the  single  skin  and  within  the  lapsplice  region.  The  number 
(20%)  which  appears  in  Fig.  8  is  the  result  of  applying  the  quantitative  corrosion  thinning  algorithm  to  the 
bright  region  indicated  by  the  arrow.  Following  our  measurement,  one  of  the  AANC  staff  members  utilized  a 
standard  eddy  current  corrosion  thinning  measurement  instrument  and  indicated  that  the  corrosion  was  indeed 
approximately  20%. 
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Fig.  8  Thermal  wave  image  of  a  region  of  corroded  lapsplice  on  the  B737  testbed  aircraft  in  the  FAA's  Aging 
Aircraft  NDI  Validation  Center  (AANC).  The  estimate  (20%)  is  obtained  from  the  thermal  wave  imaging 
corrosion  analysis  algorithm.. 
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ABSTRACT 

Effective  assurance  of  the  integrity  and  performance  of  aging  aircraft  structures,  particularly  those  that  are 
made  of  composite  materials,  requires  rapid  inspection  of  large  areas.  Removal  from  the  aircraft  for  NDE  at  an 
inspection  facility  is  not  economical  and  preferably  the  inspection  should  be  performed  at  the  field  setting. 
Detection  and  characterization  of  defects  are  labor  intensive,  time  consuming  and  when  the  process  is  manual  the 
results  are  subjected  to  human  error.  These  limitations  of  the  standard  NDE  methods  created  a  need  for  portable, 
user  friendly  inspection  systems  that  can  rapidly  and  automatically  scan  large  areas  of  complex  structures  and 
locate  all  the  detrimental  material  conditions.  Addressing  this  need  has  been  an  evolutionary  process  that  followed 
the  technology  trend,  and  unique  devices  were  developed  to  perform  field  inspection.  Such  a  development 
required  integration  of  expertise  in  multidisciplinary  areas  that  include  NDE,  telerobotics,  neural  networks, 
materials  science,  imbedded  computing  and  automated  control.  Various  portable  inspection  systems  have  emerged 
and  the  trend  is  toward  fully  automatic  systems  that  autonomously  inspect  aircraft. 

KEYWORD 

NDE,  Autonomous  inspection,  Crawlers,  MACS,  MAUS,  Aging  aircraft  inspection,  remote  operation, 
intelligent  inspection. 

INTRODUCTION 

The  current  use  of  aging  aircraft  significantly  longer  than  their  design  life  has  added  a  great  degree  of 
urgency  to  the  ongoing  need  for  low-cost,  rapid,  simple-to-operate,  reliable  and  efficient  NDE  methods  for 
detection  and  characterization  of  flaws.  The  issue  of  aging  aircraft  is  of  concern  to  the  users  and  operators  of 
both  the  military  and  commercial  aircraft.  The  1988  failure  of  the  Boeing  aircraft  operated  by  Aloha  Airlines 
heightened  the  level  of  attention  to  the  issue  of  aging  commercial  aircraft  from  manufacturers,  users  and  the 
Federal  Aviation  Administration  (FAA).  In  many  cases,  the  problem  of  field  inspection  is  complex  due  to  the 
limitation  of  current  technology  and  the  need  to  disassemble  aircraft  structures  for  NDE  in  lab  conditions. 

Labor  intensive  inspection  in  field  conditions  demands  great  attention  to  details  by  inspection  personnel 
and  is  subject  to  human  errors  and  limited  in  reliability.  The  interpretation  of  the  data  depends  critically  on  the 
inspectors'  experience,  competence,  attentiveness  and  meticulous  dedication.  For  instance,  rivet  crack 
inspection  with  eddy  current  detectors  is  known  to  be  a  mundane  and  painstaking  task,  which  can  lead  to  a 
significant  decrease  in  the  inspector  attention  during  a  long  inspection  session.  On  the  other  hand,  disassembly 
of  structures  and  inspection  in  laboratory  conditions  is  costly  and  not  practical  in  many  cases.  These  inspection 
limitations  are  hampering  the  growth  in  usage  of  composite  structures  for  construction  of  aircraft  since  these 
structures  are  sensitive  to  impact  damage  that  can  occur  at  any  point  and  any  time  over  large  areas.  To 
overcome  the  limitations  of  standard  NDE  methods,  reliable  field  inspection  systems  are  being  developed  for 
rapid  NDE  of  large  and  complex-shape  structures.  For  military  aircraft,  an  additional  constraint  needs  to  be 
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accounted  and  it  is  requirement  to  operate  also  at  harsh,  hostile  and  remote  conditions  (extreme 
temperature,  battlefield,  remote  expertise,  etc.)  with  minimum  human  interference. 

In  recent  years,  to  address  the  need  for  rapid  inspection  in  field  conditions,  various  types  of  portable 
scanners  were  developed  using  such  NDE  methods  as  visual,  eddy  currents,  ultrasonics,  shearography,  and 
thermography.  The  emphasis  of  this  manuscript  is  on  ultrasonic  NDE  scanners,  their  evolution  the  expected 
direction  of  development  and  the  role  that  intelligent  NDE  can  play. 

RAPID  INSPECTION  SCANNERS 

For  more  than  four  decades,  ultrasonics  has  been  one  of  the  leading  NDE  methods.  The  development  of 
scanners  made  the  biggest  impact  on  the  wide  use  of  this  method  since  scanners  allowed  producing  detailed 
images  of  the  flaws  size  and  location.  Further,  the  process  of  recording  the  data  became  consistent  and  allowed 
the  application  of  simple  reception/rejection  criteria  for  the  simplification  of  the  inspection  standards.  For  a 
long  time,  the  automated  inspection  capability  (also  known  as  C-scan)  was  available  only  for  lab  conditions  and 
field  inspection  was  performed  manually.  The  emergence  of  microprocessors  enabled  to  make  such  systems 
capable  to  perform  contour  following  of  structures  and  to  operate  concurrently  with  the  details  of  the  CAD 
drawing.  Full  aircraft  structures,  such  as  the  wing  of  the  Harrier,  are  now  tested  routinely  by  such  systems  in 
lab  conditions  (see  Figure  1). 


Figure  1 :  MDC  large  scanner 
testing  a  full  wing  of  an  aircraft. 


With  the  evolution  of  personal  computers  and  microelectronics,  it  became  possible  to  produce  portable 
C-scanners  that  can  operate  in  the  field  [1].  The  original  portable  scanners  were  relatively  heavy  and  consisted 
of  a  simple  bridge  with  mobile  set  of  boxes  that  were  carried  to  the  field  and  performed  scanning,  data 
acquisition,  imaging  and  storage.  To  support  the  formation  of  the  C-scan  images,  encoding  methods  were 
developed  to  provide  probe  location  information  while  operating  on  aircraft  structures  directly  in  the  field. 

Such  position  encoding  methods  include  the  use  of  acoustic  waves,  as  is  ISIS  that  was  developed  by  General 
Dynamics  under  a  contract  from  the  Air  Force  (see  Figure  2),  optical  scales,  and  various  other  encoding 
techniques.  Due  to  the  inaccuracy  of  the  acoustic  encoding  technique  it  was  phased  out  and  most  of  the  current 
portable  scanners  rely  on  the  use  of  optical  encoders.  To  inspect  vertical  surfaces  or  testing  the  bottom  surface 
of  aircraft  wings,  strapping  techniques  and  vacuum  cups  were  employed  (e.g.,  QMI  s  portable  scanner,  see 
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Figure  3)  securing  the  attachment  of  the  C-scan  bridge.  Since  aircraft  structures  have  a  complex  geometry,  the 
use  of  flat  portable  C-scan  bridges  is  encountered  with  difficulties  associated  with  the  gap  that  is  formed 
between  the  straight  bridge  and  the  curved  surface  of  the  aircraft.  The  PANDA  Scanner  (made  by  Tektrend) 
addressed  this  issue  by  employing  a  flexible  arm  that  flexes  its  curvature  to  conform  to  the  surface  contour  and 
ensures  contact  between  the  transducer  that  test  surface.  The  introduction  of  portable  c-scan  bridges  enabled  the 
automation  of  ultrasonic  field  inspection  and  significantly  improved  the  reliability  of  such  field  tests.  However, 
such  scanners  provide  an  effective  inspection  capability  only  over  the  area  that  is  covered  by  the  scanner  bridge. 
Covering  a  large  area  of  an  aircraft  requires  performing  multiple  scans  where  the  operator  moves  the  scanner 
from  one  location  to  another  to  form  scan-tiles  until  the  full  structure  is  covered. 


Figure  2:  ISIS 


1.  ULTRASONIC  INSTRUMENTS 

2.  CONTROL/POWER  ELECTRONICS 

3.  PRINTER/PLOTTER 

4.  KEYBOARD 

5.  DISPLAY  TERMINAL 

6.  POSITION  RECEIVER  ASSEMBLY 

7.  ULTRASONIC  PROBE 

8.  SHIPPING  ENCLOSURE 

9.  MOBILE  CART 


Figure  3:  QMI  scanner  using  a  portable 
bridge  and  two  suction  cups  to  secure  the 
bridge  position  during  scan. 


INSPECTION  CRAWLERS 


Automated  devices  that  can  be  attached  to  an  aircraft  skin  and  travel  on  it  while  scanning  and  inspecting 
it  can  greatly  expedite  the  rate  of  inspection  and  minimize  human  interference  in  this  task  that  requires  minimal 
skill.  Increasingly  crawling  devices  are  being  reported  as  a  solution  to  the  need  for  mobile  unconstrained 
scanners.  The  use  of  suction  cups  has  become  a  leading  form  of  controlled  adherence  to  aircraft  surfaces  and 
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several  successful  devices  were  reported  in  the  last  several  years.  The  Automated  Non  Destructive  Inspector  and 
the  Autocrawler  are  some  of  the  more  known  mobile  portable  scanners  [1-2].  In  recognition  of  the  need  to  have 
a  compact,  more  maneuverable  crawler,  JPL  recently  developed  a  small,  highly  dexterous  crawler  with  a 
payload  to  weight  ratio  of  about  10:1.  This  Multifunction  Automated  Crawling  System  (MACS)  was  designed 
to  perform  complex  scanning  tasks  [3].  MACS  employs  ultrasonic  motors  for  mobility  and  suction  cups  for 
surface  adherence.  MACS  has  two  legs  for  linear  motion  and  a  rotation  element  for  turning,  thus  allowing  to 
perform  any  simultaneous  combination  of  motion  from  linear  to  rotation  around  the  central  axis.  In  Figure  4, 
MACS  is  shown  crawling  vertically  on  the  surface  of  an  Air  Force  C-5  aircraft.  A  schematic  view  of  the  steps 
that  are  involved  with  mobilizing  MACS  and  the  position  of  the  various  suction  cups  and  legs  are  shown  in 
Figure  5. 


Applications  of  MACS  include  inspection  of  composite  and  metallic  structures  for  detection  of  cracks, 
corrosion,  impact  damage,  unbonds,  delaminations,  fire  damage,  porosity  and  other  flaws,  paint  thickness 
measurement.  Also,  MACS  can  be  used  to  identify  dents  and  individual  fasteners.  The  development  of  MACS 
was  benefited  from  the  ongoing  JPL  development  of  mmiatureplanetary  rovers,  telerobotic  technology  and 


NDE  techniques. 

Figure  4:  MACS  crawling  on  the  C-5  aircraft  [patent  pending]. 


Figure  5:  MACS  crawler  mobility  control.  Solid  circles  represent 
activated  suction  cups  and  hollow  circles  represent  resting  cups. 
Forward  travel  is  shown  on  the  left  and  a  simultaneous 
travel/rotation  is  shown  on  the  right. 


AUTONOMOUS  CRAWLERS  USING  INTELLIGENT  NDE 

Autonomy  of  NDE  crawlers  is  a  key  technology  for  the  automation  of  such  devices  for  field  scanning  of 
complex  aerospace  structures.  An  autonomous  crawler  can  be  monitored  remotely  by  centrally  located  experts 
that  are  equipped  with  know-how,  database,  analytical  tools,  CAD  drawing,  and  accept/reject  criteria.  Such  a 
capability  will  allow  rapid  response  to  inspection  needs,  particularly  in  cases  of  crisis  where  there  is  a  need  to 
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rapidly  examine  a  full  flight  of  a  particular  aircraft  model  all  over  the  world.  An  autonomous  crawler  can  be 
operated  during  aircraft  idle  time  allowing  to  reduce  the  need  to  ground  aircraft  for  inspection.  A  combination 
of  visual,  eddy  current  and  ultrasonic  payload  (methods  that  offer  portable  sensors)  are  expected  to  be  the 
leading  NDE  methods  that  are  used  on  an  autonomous  crawler. 

The  technology  that  can  enable  such  capabilities  has  been  in  development  at  JPL  for  the  exploration  of 
Mars,  where  the  Mars  Pathfinder  already  enjoyed  some  of  its  benefits.  Miniature  robotic  technologies  with  on¬ 
board  intelligence  are  being  developed  for  future  missions  where  the  rovers  will  examine,  select  and  collect 
samples  from  Mars  while  avoiding  obstacles  during  operation  in  an  unknown  terrain.  Since  communication 
between  Earth  and  Mars  takes  about  12  minutes  each  way,  the  need  for  autonomous  operation  rather  than 
remote  control  is  critical  to  the  success  of  the  missions.  The  JPL's  crawler  MACS  is  currently  using  umbilical 
cord  for  power,  communication/control  and  to  provide  air  pressure  for  the  ejection  and  activation  of  the  vacuum 
cups.  Future  efforts  will  involve  increased  autonomous  operation  and  a  complete  wireless  portability.  Potential 
future  development  includes  a  miniature  on-board  vacuum  pump,  power  and  computing  capability.  Further, 
intelligent  NDE  techniques  can  be  used  to  allow  detection  and  characterization  of  flaws  and  material  properties 
determination  [4],  Crawlers  can  employ  local  Global  Positioning  Systems  (GPS)  to  determine  the  absolute 
coordinate  without  the  need  for  a  complex,  expensive  and  heavy  encoder.  Further,  such  GPS  systems  will  allow 
relating  the  location  of  the  crawler  on  the  aircraft  to  the  detailed  drawing  and  assist  in  the  data  interpretation  and 
flaw  location  and  identification. 

The  use  of  such  crawlers  as  MACS  to  serve  as  a  shuttle  crawler  to  carry  the  probe  head  of  the 
McDonnell  Douglas'  MAUS  unit  (which  is  highly  supported  by  the  Air  Force)  can  provide  a  powerful 
inspection  tool.  MAUS  is  a  device  that  uses  a  hand-held  scanner  to  move  a  series  of  probes  horizontally  while 
an  operator  moves  the  scanner  vertically.  Employing  a  crawler  as  the  MACS  for  forward  and  backward 
mobility  will  enable  one  to  autonomously  inspect  vertical  surfaces  and  bottom  of  aircraft  structures.  To  protect 
elements  of  the  aircraft  that  rise  above  the  surface  from  accidental  damage,  a  virtual  vision  system  will  be  used 
with  collision  avoidance  software.  To  enhance  the  inspection  capability  of  the  combined  systems,  a  neural 
network  data  interpretation  can  be  used.  MACS  can  be  controlled  remotely  via  the  use  of  Internet  allowing 
multiple  users  to  control  it  using  password  and  thus  limiting  the  access  to  the  control  capability. 


FIGURE  6:  A  view  of  the  MAUS  portable  scanner  in 
operation.  The  scanner  is  a  hand-held  unit. 
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DISCUSSION 


Autonomous  Rapid  Inspection  of  Aerospace  Structures 


Speaker:  Bar-Cohen 

What  are  the  new  scientific/technical  issues  involving  the  autonomous  rapid  inspection  of 
aging  aircraft  (vs.  autonomous  control  of  spacecraft  in  the  areas  of  sensing,  actuation,  pro¬ 
cessing  and  control)?  — Spencer  Wu 

The  development  of  autonomous  robotic  mobile  platforms,  for  rapid  NDE  of  aging  aircraft 
structures,  requires  addressing  the  following  scientific/technical  issues: 

Model  forward  and  backward  kinematics  for  inspection/scanning  on  or 
inside  an  aircraft  structure 

Autonomous  mobility  on  complex  geometry  typical  to  aircraft  structures 
(fuselage,  wing,  etc.)  and  internal  components  (engine,  etc.). 

Artificial  vision  to  support  the  operation  on  aircraft  using  landmarks  and 
position  monitoring  and  collision  avoidance. 

Effective  NDE  science  base  and  smart  data  interpretation  -  using  real-time 
model-based  calculation  to  predict  the  remaining  life  of  the  structure. 

Also,  effective  early  detection  of  corrosion  and  crack  initiation  for  sites. 

MEMS  and  miniature  NDE  technology  for  miniature  robotic  inspectors. 

Sensor  modeling  to  predict  their  response,  assuring  robust  operation  and 
determining  the  probability  of  detection. 

Using  neural  networks,  genetic  algorithms  and  pattern  recognition 
analysis. 
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ABSTRACT 

Visual  inspection  is  the  most  widely  used  method  in  commercial  aircraft  surface  inspection.  We  have 
developed  a  prototype  remote  visual  inspection  system,  designed  to  facilitate  testing  the  feasibility  and 
advantages  of  remote  visual  inspection  of  aircraft  surfaces.  We  describe  experiments  with  image  under¬ 
standing  algorithms  to  aid  remote  visual  inspection  by  enhancing  and  recognizing  surface  cracks  and  cor¬ 
rosion  from  live  imagery.  Also  described  are  the  supporting  mobile  robot  platform  that  delivers  the 
imagery,  and  the  inspection  console  through  which  the  inspector  accesses  it.  We  discuss  initial  results  of 
the  image  understanding  algorithms  and  speculate  on  their  future  use  in  aircraft  surface  inspection. 

Keywords:  enhanced  remote  robotic  visual  inspection  stereoscopic  multiresolution  ANDI CIMP 

1.  INTRODUCTION 

Visual  inspection  of  aircraft  is  the  most  widely  used  method  employed  for  ensuring  the  structural  integ¬ 
rity  of  an  aircraft  skin  and  its  substructure.  For  example,  a  typical  heavy  inspection  carried  out  on  a  com¬ 
mercial  aircraft  after  every  12,000  flying  hours,  is  about  90%  visual  and  10%  non-destructive  inspection 
(NDI).1  Visual  inspection  involves  putting  a  human  inspector  on  the  body  of  the  aircraft  to  visually 
examine  its  surface  for  defects  such  as  cracks,  corrosion,  damaged  rivets,  lightning  strikes,  etc.  This  prac¬ 
tice  raises  safety  issues  for  the  inspector,  is  time  consuming,  and  suffers  at  times  from  being  ineffective 
due  to  inspector  fatigue  or  boredom.2 

An  attractive  alternative  to  the  current  inspection  practice  is  remote  visual  inspection.  In  remote  visual 
inspection,  the  inspector  examines,  at  an  inspection  console,  high-quality  imagery  of  the  inspection  sur¬ 
face  that  is  captured  and  delivered  to  the  console  by  a  remote  mobile  robot  on  the  body  of  the  aircraft. 
The  robot  may  be  teleoperated  via  low  level  controls,  it  may  navigate  autonomously  under  computer  con¬ 
trol,  or  typically  something  in  between  with  high  level  commands  issued  by  the  inspector  and  low  level 
details  decided  and  executed  by  the  computer.  This  method,  while  inherently  safe  (since  the  inspector  is 
on  the  ground),  allows  for  direct  human  observation  of  the  remote  aircraft  surface.  It  also  provides  for 
computer  processing  of  the  delivered  imagery  for  image  processing,  enhancing  and  understanding.  Image 
processing  involves  adjusting  contrast  or  range  of  the  imagery  dynamically,  for  improved  visualization. 
Image  enhancement  amplifies  high  spatial  frequencies  of  the  imagery  to  highlight  features  suggestive  of 
surface  defects  which  are  typically  of  high  frequency  nature.3  Image  understanding  via  characterization 
and  recognition  of  surface  defects,  allows  for  automated  defect  detection  and  classification  of  the  surface 
imagery.  With  the  aid  of  these  facilities,  an  inspector  can  safely,  quickly  and  accurately  perform  the  nec¬ 
essary  visual  inspection  from  the  inspection  console. 

In  Section  2  of  this  paper,  we  describe  a  prototype  mobile  robot  called  the  Crown  Inspection  Mobile  Plat¬ 
form  (CIMP)  designed  to  test  and  demonstrate  the  hypothesized  feasibility  and  advantages  of  the  remote 
visual  inspection  of  an  aircraft  surface.  Also  included  in  section  2  is  a  brief  description  of  the  predecessor 
to  CIMP,  the  Automated  NonDestructive  Inspection  (ANDI)  robot.4,5  Section  3  discusses  the  inspection 
console  that  displays  the  remote  imagery  and  a  graphical  user  interface  (GUI)  that  provides  the  inspector 


*  This  is  an  updated  version  of  the  paper  “Image  Understanding  Algorithms  for  Remote  Visual  Inspection  of  Aircraft  Surfaces”, 
Priyan  Gunatilake,  M.W.  Siegel,  A. J. Jordan,  and  G.  Podnar,  Proceedings  of  SPIE  “Machine  Vision  Applications  in  Industrial 
Inspection  V”,  A.  Ravishankar  Rao  and  Ning  Chang,  Chairs/Editors,  10-1 1  February  1997,  San  Jose,  CA,  SPIE  Vol.  3029. 
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with  access  to  image  processing,  enhancing  and  understanding  algorithms.  Section  4  contains  a  brief  dis¬ 
cussion  of  image  understanding  for  surface  defect  detection  and  a  description  of  two  common  aircraft 
surface  defects.  Section  5  describes  a  surface  crack  detection  algorithm.  Section  6  describes  a  surface  cor¬ 
rosion  detection  algorithm.  Section  7  describes  an  approach  to  subsurface  corrosion  detection.  Section  8 
provides  a  summary  discussion  and  thoughts  about  future  work,  and  Section  9  draws  some  conclusions. 

2.  CIMP 


The  first  aircraft-capable  mobile  robot  developed  at  CMU  was  ANDI 
(the  Automated  NonDestructive  Inspector  of  aging  aircraft).  ANDI 
successfully  demonstrated  mobility,  manipulation  and  navigational 
capabilities  on  an  aircraft  surface.  However,  due  to  the  ANDI  project 
emphasis  on  mobility  and  navigational  issues,  the  delivery  of  high 
quality  visual  imagery  useful  for  remote  visual  inspection  was  not 
addressed  at  length.  After  the  initial  demonstrations  of  ANDI,  the 
first  author  launched  another  research  effort  with  the  twin  objectives 
of  designing  a  high  quality  remote  imaging  system  that  delivers  use¬ 
ful  inspection  data  and  developing  an  inspection  console  consisting 
of  a  graphical  user  interface  (GUI)  and  a  library  of  image  enhance¬ 
ment  and  understanding  algorithms,  through  which  an  inspector 
could  access,  enhance  and  recognize  surface  defects  from  the  live 
imagery.  [See  the  Acknowledgments  section  for  additional  historical 
details.] 

CIMP  was  developed  as  a  part  of  this  second  research  effort.  CIMP  is 
a  wireless  remote-controlled  mobile  vehicle  that  carries  a  sensor 
package  designed  to  deliver  high  quality,  live  imagery  of  the  aircraft 
crown  on  which  it  travels.  The  sensor  package  of  CIMP  contains  a 
stereoscopic  pair  of  inspection  cameras,  a  dynamic  lighting  array 
consisting  of  two  fixed  flood  lights  and  a  rotatable  directional  light 
source,  and  a  stereoscopic  pair  of  proprioceptive  navigational  cam¬ 
eras.  The  inspection  cameras  were  developed  in  our  laboratory,  and 
are  constructed  in  a  geometrically  correct  imaging  configuration  that 
provides  3.5x  magnified,  natural,  easy  to  view,  high  quality  stereo¬ 
scopic  imagery  of  the  aircraft  surface.  ,7  The  navigational  and  propri¬ 
oceptive  cameras  provide  a  wide-angle  stereoscopic  view  of  CIMP 
with  respect  to  the  aircraft  body  that  is  used  by  the  inspector  to  con¬ 
trol  and  navigate  CIMP.  Left  and  right  frames  of  the  inspection  or 
navigational  camera  pairs  are  interleaved  at  120  Hz  on  a  monitor  in 
the  inspection  console,  and  viewed  stereoscopically  through  active 
eyeware.  Figures  1  and  2  show  the  ANDI  and  CIMP  robots. 

3.  INSPECTION  CONSOLE 

The  inspection  console,  through  the  display  of  stereoscopic  imagery 
delivered  by  the  inspection  cameras  and  the  proprioceptive  naviga¬ 
tional  cameras,  provides  for  remote  visual  inspection  of  aircraft  sur¬ 
face  and  remote  control  and  navigation  of  CIMP  on  the  aircraft  body. 
The  current  inspection  console  consists  of  two  primary  displays  and 
their  supporting  equipment  and  a  radio  transmitter  (of  the  type  used 
to  control  model  vehicles)  that  controls  forward  and  backward 
motion,  left  right  steering,  camera  position  and  orientation,  and  light¬ 
ing  selection  and  orientation.  The  first  display  is  a  monitor  that  pro¬ 
vides  live,  flicker-free,  full  spatial  and  temporal  resolution  per  eye, 


Fig  1 .  Automated  NonDestructive 
Inspection  (ANDI)  robot 


Fig  2.  Crown  Inspection  Mobile 
Platform  (CIMP)  robot 


Fig  3 3.  ren  rote  live  video  station 


Fig  3b.  Intelligent  Inspection 
Window  (IIW) 


stereoscopic  imagery  of  either  the 
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inspection  or  navigational  camera  pair.  The  second  is  a  Silicon  Graphics  Indy  workstation  with  a  GUI 
that  we  call  the  Intelligent  Inspection  Window  (IIW).  The  IIW  performs  a  variety  of  tasks:  it  displays  live 
monoscopic  or  still  stereoscopic  imagery;  it  acts  as  the  operational  interface  and  output  display  unit  to  the 
image  enhancement  and  understanding  algorithms  that  are  tied  to  the  menus  and  buttons  of  the  IIW;  and 
in  the  future,  it  will  contain  facilities  for  creating,  editing,  storing  and  retrieving  multimedia  records  of 
surface  defects.  Figure  3a  displays  the  live  video  station.  Figure  3b  displays  the  IIW. 

4.  IMAGE  UNDERSTANDING  AND  SURFACE  DEFECTS  -  BACKGROUND 

The  goal  of  an  image  understanding  algorithm  is  to  recognize  and  classify  certain  surface  flaws  from  the 
live  imagery.  The  recognition  capability  of  this  algorithm  is  achieved  by  correlating  features  of  the  live 
imagery  with  prior  or  learned  knowledge  of  the  surface  flaw  type.  A  high  correlation  of  a  feature  in  the 
live  imagery  with  a  flaw  type  will  result  in  the  feature  being  classified  as  a  flaw  of  the  correlated  type. 
However,  developing  a  successful  image  understanding  algorithm  remains  a  non-trivial  challenge  due  to 
its  dependency  on  factors  such  as  normal  and  defect  feature  characterization,  imaging  resolution  and 
environment  factors  such  as  illumination. 

One  scenario  for  application  of  image  understanding  algorithms  in  remote  visual  inspection  is  screening 
large  volumes  of  image  data.  The  image  understanding  algorithm  can  conservatively  label  all  plausible 
defects,  so  that  the  inspector  separates  a  larger  fraction  of  actual  defects  from  normal  features  in  a  smaller 
volume  of  raw  data.  Another  scenario  is  the  interactive  use  of  these  algorithms  by  inspectors  to  obtain  a 
second  opinion  about  a  particular  suspicious  flaw.  The  latter  possibility  is  most  attractive  when  the  real¬ 
time  inspector  is  relatively  inexperienced,  in  general  or  with  respect  to  a  specific  problem,  compared  to 
the  inspector  or  inspectors  whose  expertise  has  been  incorporated  (explicitly  or  implicitly)  in  the  algo¬ 
rithm;  in  this  case  the  computer  fulfills  a  training  role  in  addition  to  its  direct  inspection  role. 

We  have  developed  prototype  algorithms  that  detect  surface  cracks,  surface  corrosion,  and  subsurface 
corrosion  evidenced  by  surface  pillowing;  the  pillowing  detection  algorithm  uses  an  auxiliary  laser  spot 
projector  to  facilitate  precise  height  mapping  of  the  inspected  surface. 

4.1.  Surface  cracks 

Pressurization  and  de-pressurization  of  the  aircraft  during  each  flight  cycle  causes  its  body  to  expand  and 
contract  in  a  manner  similar  to  inflating  and  deflating  of  a  balloon.  This  expansion  and  contraction 
induces  stress  fatigue  at  rivets  (which  hold  the  aircraft  surface  skin  to  its  frame),  resulting  in  the  growth  of 
cracks  outward  from  the  rivets.  The  growth  of  a  surface  crack  is  essentially  exponential  in  nature.  There 
are  many  reliable  models8  which  predict  crack  growth  quite  accurately  as  a  function  of  the  number  of 
pressurization  and  depressurization  cycles.  The  goal  of  visual  inspection  is  to  detect  cracks  that  are  above 
a  minimum  threshold  length.  This  threshold  length  provides  a  safety  margin  that  allows  a  crack  to  be 
missed  in  two  or  three  consecutive  inspections  before  it  is  big  enough  to  endanger  the  structure  of  the  air¬ 
craft. 

One  of  the  main  methods  inspectors  use  to  find  cracks  is  to  observe  the  reflection  of  directional  lighting 
incident  on  a  rivet  location,  using  a  flashlight  held  at  a  low  angle  to  the  surface.9  Absence  of  reflecting 
light  from  an  edge  (line  on  the  surface)  emanating  from  the  rivet  suggests  the  possibility  of  a  crack;  on  the 
other  hand,  reflection  of  light  indicates  a  scratch,  which  if  small  is  harmless.  Therefore  the  task  for  an 
inspector  is  to  first  detect  edges  emanating  outwards  from  the  rivets  and  then  to  discriminate  the  cracks 
from  scratches  and  other  edges  from  that  edge  pool.  Since  there  may  be  hundreds  of  thousands  of  rivets 
on  the  aircraft  body,  inspection  for  cracks  is  a  demanding  and  tiring  task  for  the  inspector. 
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4.2.  Surface  corrosion 

Corrosion  is  common  due  to  the  frequent  exposure  of  the  aircraft 
body  to  environments  such  as  aircraft  operating  fluids,  liquids 
spilled  in  the  galleys,  lavatory  liquids,  moisture  of  sea  air,  etc. 
Corrosion  can  appear  as  subsurface  or  surface  corrosion.  Surface 
corrosion  is  recognized  by  the  appearance  of  corrosion  texture. 
Subsurface  corrosion  is  recognized  by  the  bulging  of  the  affected 
surface  region,  called  "pillowing".  Since  corrosion  results  in  a  loss 
of  structural  material  of  the  affected  area,  early  detection  is  cru¬ 
cial.  Corrosion  is  also  known  to  induce  cracking. 

5.  SURFACE  CRACK  DETECTION  ALGORITHM 

The  crack  detection  algorithm  that  we  have  developed  is  modeled 
closely  on  the  widely  practiced  test  for  detection  of  cracks  using 
directional  lighting.  We  simulate  the  directional  lighting  produced 
by  the  inspectors  flashlight  with  a  remotely  controlled  rotatable 
directional  light  source  on  CIMP.  The  inspector  can  remotely 
rotate  the  light  source  around  a  rivet  location  and  examine  the 
resulting  live  monoscopic  or  stereoscopic  imagery  of  the  rivet  and 
its  neighborhood  for  cracks.  In  addition,  the  inspector  can  run  the 
crack  detection  algorithm  on  these  images  for  detection  or  verifi¬ 
cation  of  cracks  in  the  live  imagery.  The  stereoscopic  imagery  can 
also  be  recorded  (at  slightly  reduced  resolution)  on  a  standard 
VHS  recorder  for  future  examination  or  computer  processing. 


Fig  4a.  Metal  surface  with  two  cracks  and 
several  other  crack-like  features. 


Fig  4b.  Output  of  crack  detection  algorithm; 
cracks  in  black;  non-cracks  in  gray. 


Figure  4a  shows  a  section  of  an  aircraft  surface  containing  two 

natural  cracks  and  several  scratches  appearing  in  the  neighborhood  of  a  rivet  hole.  The  first  crack  emanat¬ 
ing  from  the  rivet  hole  is  1/2  inch  in  length  while  the  second  crack  which  is  partly  masked  by  the  scratch 
beside  it  is  1/3  inch  long.  The  output  of  the  surface  crack  detection  algorithm  is  shown  in  Figure  4b. 
Edges  that  are  marked  in  black  indicate  suspected  cracks.  Edges  marked  in  grey  indicate  edges  that  the 
algorithm  detects  but  classifies  as  “non-cracks”.  The  algorithm  detects  the  two  known  cracks  which  are 
marked  in  black  in  the  output  image.  It  also  correctly  classifies  the  edges  of  the  rivet  hole  and  scratches  as 
“non-crack”  edges.  The  other  edges  that  are  marked  in  black  are  false  alarms  for  cracks.  Figure  5  displays 
a  block  diagram  of  the  crack  detection  algorithm. _  _ 


- 

rivet  detection  and 
region  of  interest 
calculation 

- 

multiscale 
edge  detection 

coarse- 

to-fine 

feature 

vector 

calculatioi 

classification 

edge 

linking 

Figure  5.  Block  diagram  of  the  surface  crack  detection  algorithm 


5.1.  Rivet  detection  and  region  of  interest  calculation 

The  first  step  of  our  crack  detection  algorithm  is  to  find  rivet  locations  in  the  image.  Since  cracks  appear 
in  the  neighborhood  of  rivets,  finding  rivet  locations  enables  the  algorithm  to  focus  on  areas  that  are  most 
likely  to  contain  cracks.  The  neighborhood  surrounding  the  rivet  that  is  examined  for  cracks  is  defined  as 
the  Region  of  Interest  (ROI).  The  algorithm  defines  for  each  detected  rivet,  a  ROI.  By  focussing  on  ROIs, 
the  algorithm  avoids  unnecessary  processing  of  features  outside  the  ROIs;  they  are  not  likely  to  be  cracks. 
Rivets  are  identified  by  detecting  the  circular  arc  edges  made  by  their  heads.  Rivet  detection  and  ROI 
determination  consists  of  the  following  steps. 
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1.  Smooth  with  a  gaussian  filter.  Convolve  with  the  x-  and  y-  partial  derivatives.  Calculate  the  gradient  magnitude  image. 

2.  Calculate  the  histogram  of  the  gradient  magnitude  image.  Define  a  high  threshold  above  which  lie  a  specified  fraction  of 
the  pixels,  Mark  the  pixels  above  the  high  threshold  as  edge  points.  Link  the  edge  points  to  create  edges. 

3.  Define  a  low  threshold  below  which  lie  a  specified  fraction  of  the  pixels.  Grow  edges  with  adjacent  pixels  below  the  low 
threshold.  Discard  edges  that  contain  fewer  than  10  pixels. 

4.  Fit  a  circular  arc  to  each  edge.  Discard  edges  whose  fit  error  is  worse  than  a  minimum  value.  The  remaining  edges  are 
rivet  head  edges. 

5.  Merge  nearby  rivet  head  edges  into  rivets.  Define  the  ROI  as  a  fixed-size  box  whose  center  is  the  rivet  centroid. 

Figure  6a  displays  a  section  of  an  aircraft  surface  with  three  simu¬ 
lated  cracks  appearing  as  dark  lines  from  the  two  rivets.  This  image 
is  processed  by  the  crack  detection  algorithm.  Figure  6b  displays 
the  two  ROIs  found  by  the  algorithm 

5.2.  Multiscale  edge  detection 

An  ROI  in  the  live  image  contains  a  large  number  of  edges,  most  of 
which  are  caused  by  rivet  edges,  scratches,  dirt  marks,  lap  joints  of 
metal  repair  plates  on  the  surface  and  occasionally  real  cracks. 

Therefore,  we  need  an  analysis  framework  which  lends  itself  to  the 
discrimination  of  the  small  fraction  of  cracks  which  are  edges  of 
interest  to  us  from  those  edges  that  are  not  of  interest 

A  crack  is  typically  very  small  compared  to  other  objects  present 
on  the  aircraft  surface  such  as  rivets,  scratches,  etc.  This  motivated 
us  to  select  a  multiscale  edge  detection  framework  for  the  detection 
and  analysis  of  edges  in  the  ROIs.  Multiscale  edge  detection  is 
defined  as  detection  of  edges  at  multiple  scales  or  equivalently 
multiple  resolutions.  Here,  scale  implies  the  size  of  the  neighbor¬ 
hood  in  which  intensity  changes  are  detected  for  edge  determina¬ 
tion.  In  multiscale  edge  detection,  edges  belonging  to  small  objects 
appear  at  low  scales  or  high  resolutions  while  edges  of  large 
objects  appear  at  higher  scales  or  coarser  resolutions.  Therefore, 
performing  multiscale  edge  detection  and  analysis  on  the  detected 
edges  in  the  ROIs  will  allow  us  to  characterize  each  edge  by 
assigning  a  relative  size  corresponding  to  the  object  that  created  the  edge.  This  is  an  important  feature 
useful  in  the  discrimination  of  cracks  from  non-cracks  due  to  the  relatively  small  size  of  a  typical  crack  in 
comparison  to  other  objects  appearing  on  the  aircraft  surface. 

Multiscale  edge  detection  is  a  two  step  process  where  the  ROI  is  first  decomposed  into  different  resolu¬ 
tions,  usually  by  successive  smoothing,  followed  by  edge  detection  at  each  resolution.  We  have  selected 
wavelet  based  filters  for  the  projection  of  the  ROI  to  different  resolutions  and  estimations  of  intensity 
variation  in  them  for  multiscale  edge  determination.  Wavelets  are  basis  functions  with  good  spatial  and 
frequency  localization  that  is  controlled  by  a  scaling  parameter  attached  to  the  wavelets.  Hence,  they  are 
a  natural  choice  for  multiresolution  analysis  due  to  the  ease  of  defining  the  resolution  of  interest  through 
the  use  of  the  scaling  parameter  of  the  wavelet. 

We  have  chosen  the  cubic  spline  and  its  derivative  the  quadratic  spline,  described  by  Mallat,10  as  our  scal¬ 
ing  and  wavelet  functions.  The  frequency  responses  of  these  functions  are  shown  in  Figure  7.  Note  that 
scaling  and  wavelet  functions  are  low  pass  and  high  pass  in  nature.  The  wavelet  transform  of  a  ROI  at 
scale  s  is  equal  to  the  convolution  of  the  ROI  with  a  filter  derived  from  the  wavelet  of  scale  s.  Since  the 
wavelet  we  chose  is  the  derivative  of  a  smoothing  function,  the  wavelet  transform  is  equivalent  to  first 
smoothing  the  ROI  to  a  scale  s  by  a  smoothing  filter,  and  then  taking  its  first  derivative.  This  is  identical  to 
the  sequence  of  operations  undertaken  in  classical  edge  detection.  Note  that  the  edge  points  of  the  ROI  at 
a  particular  scale  corresponds  to  the  extrema  of  the  wavelet  transform  of  that  scale.  By  varying  the  scaling 
parameter  of  the  wavelet  by  successive  factors  of  two  (dyadic  scale),  we  generate  edges  of  the  ROI  at 
multiple  scales.  To  summarize,  listed  below  are  steps  taken  to  generate  multiscale  edges  within  each  ROI. 


Fig  6a.  Metal  surface  with  three  synthetic 
cracks  and  other  crack  like  features 


Fig  6b.  ROIs  found  in  Fig  6a. 
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Fig  7.  Frequency  response  of  the  wavelet  and  scaling  functions 

1.  Filter  each  ROI  with  the  dyadic  scale  filter  bank  shown  in  Figure  8a. 

2.  Calculate  the  magnitude  Mj  and  angle  Aj  images  for  each  scale  of  the  wavelet  transform  images  Wx  and  Wy  using 

M.  =  ]w2.+  W2.  A.  =  atan (W  VW  ■)  for i=0,l,2 

i  *1  xi  yi  1  yi  xl 

3.  Threshold  each  magnitude  image  using  a  threshold  calculated  from  its  histogram.  Mark  pixels  above  the  threshold  as  edge 
points. 

4.  Link  edge  points  if  their  corresponding  angles  differ  by  less  than  a  threshold  angle.  This  produces  edges  that  are  smoothly 
varying  in  direction,  and  thus  characteristic  of  natural  edges  such  as  cracks 

This  process  generates  a  list  of  edges  in  each  ROI  at  each  scale.  Figure  9  displays  the  edges  in  Figure  6b.. 

5.3.  COARSE-TO-FINE  EDGE  LINKING 

Multiscale  edge  detection  described  in  the  previous  section  generates  edges,  at  several  scales,  for  each 
ROI  in  the  image.  It  is  clear  in  Figure  9  that  edges  of  the  same  object  are  present  in  more  than  one  scale. 
For  example,  parts  of  the  rivet  head  edges  appear  in  all  three  scales  while  the  simulated  cracks  shown  in 
Figure  6a  appear  only  at  the  first  two  scales.The  next  step  of  this  process  is  to  assign  to  each  edge  a  fea¬ 
ture  value  that  will  provide  information  about  the  size  of  the  object  that  produced  the  edge.  This  size 
information  is  useful  in  the  discrimination  of  edges  of  cracks  from  edges  of  non-cracks  appearing  in  each 
ROI. 

We  model  an  edge  belonging  to  an  object  appearing  at  multiple  scales,  as  the  propagation  of  that  edge 
along  scale  (or  resolution)  space.  We  define  propagation  depth  as  the  number  of  scales  in  which  the  edge 
appears.  We  then  assign  a  propagation  depth  value  to  each  edge  at  scale  1.  The  propagation  depth  cap¬ 
tures  the  size  information  of  the  object  revealed  by  multiscale  edges.  For  example,  edges  of  objects  that 
are  small  will  have  a  lower  propagation  depth  than  edges  of  objects  that  are  large.  This  explains  why 
edges  corresponding  to  the  simulated  cracks  (actually  black  fibers  of  approximately  10  pm  diameter), 
appear  only  in  two  scales,  whereas  edges  of  the  rivets  and  scratches  appear  in  all  three  scales  in  Figure  9. 


Fig  8a.  Multiresolution  decomposition  of  the  live  image. 

Filters  h0  and  g0  denote  the  filters  corresponding  to  the  scaling  and  wavelet  functions  at  scale  1 . 
hn  and  gn*  are  derived  from  ho  and  g0  by  inserting  2An-l  zeros  between  the  coefficients  of 
h0=  (0.125,  0.375,0.375,0.125}  and  g0  =  {-2,  2}. 

Wvn  and  Wxn  denote  the  wavelet  transform  images  at  scale  2n  in  the  y  (row,  r)  and  x  (column,  c)  directions. 
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We.  use  a  coarse-to-fine  edge  linking  process  to  find  the 
propagation  depth  of  all  edges  appearing  at  scale  1.  The 
coarse-to-fine  edge  linking  process  attempts  to  trace  an 
edge  from  a  coarse  resolution  (high  scale)  to  a  fine  resolu¬ 
tion  (low  scale).  We  define  active  pixels  as  those  pixels 
that  belong  to  the  edge  of  reference.  Given  below  are  the 
steps  of  the  coarse-to-fine  edge  linking  process. 

1 .  Assign  to  each  edge,  in  each  scale  (scale  =  1 ,  2,4),  a  feature  vec¬ 
tor  with  the  following  components: 

a.  Centroid  of  the  active  pixels 

b.  Average  wavelet  magnitude  of  the  active  pixels 

c.  Number  of  active  pixels  that  constitute  the  edge 

2.  For  each  edge  E  in  scale  4,  define  a  window  centered  on  its 
centroid  in  scale  2.  Find  all  unlinked  edges  {e}  in  scale  2  that  are  within  the  window.  Find  the  edge  ej  of  {e}  that  produces 
the  minimum  weighted  square  difference  between  itself  and  E.  Link  E  to  ej. 

3.  Do  (2)  for  each  edge  in  scale  2  with  edges  in  scale  1 

4.  For  each  edge  in  scale  1,  count  the  number  of  links  (how  deeply  it  is  connected);  this  is  the  propagation  depth  of  that  edge. 
Figure  8b  illustrates  the  coarse-to-fine  edge  linking  process.  Note  that  edges  A  and  B  have  propagation 
depths  of  1  and  2  respectively. 

5.4.  Feature  vector  calculation 

We  are  now  in  a  position  to  assign  a  feature  vector  for  each  edge  in  scale  1 .  The  feature  vector  assigned  to 
the  edge  will  characterize  its  properties  so  that  edges  of  cracks  can  be  discriminated  from  edges  of  non¬ 
cracks  based  on  classification  of  the  feature  vectors.  We  have  selected  the  following  attributes  of  an  edge 
to  be  included  in  a  feature  vector; 

1.  Average  wavelet  magnitude  of  active  pixels; 

2.  Propagation  depth  number; 

3.  Average  wavelet  magnitudes  of  any  linked  edges  in  scale  2  and  scale  4; 

4.  Signs  of  sum(Wx)  and  sum(Wy)  where  Wx  andWy  are  the  coefficients  in  the  x-  and  y-directions  of  at  scale  1 ; 

5.  Number  of  active  pixels. 

The  wavelet  magnitudes  at  each  scale  of  an  edge  that  propagates  down  multiple  scales  was  included 
because  it  has  been  shown  that  under  certain  conditions,  these  values  characterize  the  shape  of  an  edge, 
e.g.,  a  step  or  a  ramp  edge.10 

5.5.  Feature  classification 

The. feature  vectors  are  classified  into  one  of  two  classes,  cracks  or  non-cracks.  We  use  a  six  input,  1  hid¬ 
den  layer  with  four  elements  and  one  output  neural  network  trained  under  backpropagation  with  momen¬ 
tum  to  classify  the  feature  vectors.  We  generated  14  feature  vectors  of  simulated  cracks  and  30  feature 
vectors  of  non-cracks  corresponding  to  rivet  edges  and  scratches.  A  training  set  of  7  simulated  cracks  and 
15  non-cracks  were  used  to  train  the  network.  After  1000  training  cycles,  the  network  was  approximately 
72%  accurate  in  predicting  cracks  with  a  27%  false  alarm  rate  for  the  test  set  edges. 

Figure  6a  is  repeated  in  Figure  10a.  The  output  image  of  the  algorithm  is  shown  in  Figure  10b. 


Fig  8b.  Coarse-to-fine  edge  linking  of  edges  A  and  B 


7:  A. 


Fig  9c.  Edge  image  at  scale  4 
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Fig  10a.  Metal  surface  with  three  synthetic 
cracks  and  other  crack  like  features 


Fig  10b.  Output  of  the  crack  detection 
algorithm. 


6.  SURFACE  CORROSION  DETECTION  ALGORITHM 

A  comprehensive  corrosion  detection  algorithm  needs  to  detect  both  surface  and  subsurface  corrosion. 
Surface  corrosion  is  detected  by  texture  visually  suggestive  of  corrosion,  whereas  subsurface  corrosion  is 
detected  by  distortion  (“pillowing”)  of  the  surface.  Thus  a  comprehensive  algorithm  requires  an  image 
and  a  shape  profile  of  the  inspection  surface  to  detect  both  types  of  corrosion.  In  this  section,  we  describe 
the  algorithm  we  developed  to  detect  surface  corrosion.  Section  7  discribes  our  subsurface  corrosion 
detection  apparatus  and  algorithm. 

We  detect  surface  corrosion  by  a  binary  segmentation  of  the  image  into  regions  of  texture  suggestive  of 
corrosion  and  regions  of  texture  suggestive  of  freedom  from  corrosion.  Texture  can  be  well  described  by 
scale  and  orientation.  This  has  resulted  in  the  development  of  many  methods  based  on  multiresolution, 
multiorientation  based  approaches  that  allow  scale  and  orientation  based  analysis  of  textures.11,12  Our 
corrosion  detection  algorithm,  shown  as  a  block  diagram  in  Figure  1 1,  is  based  on  a  similar  method. 


Figure  12a  displays  an  image  of  a  corroded  section  of  an  aircraft  surface.  Figure  12b  shows  the  output  of 
our  surface  corrosion  detection  algorithm;  bright  and  dark  areas  respectively  indicate  corrosion  and  cor¬ 
rosion  free  areas  in  this  image.  The  following  three  sections  outline  the  three  modules  of  the  processing 
pipeline  indicated  schematically  in  Figure  11. 


image 


Fig  11.  surface  corrosion  detection  algorithm 


Fig  12a.  surface  with  corrosion 


Fig  12b.  output  of  corrosion  detector 


6.1.  Discrete  wavelet  transform  (DWT) 

In  the  first  module  we  perform  a  multiresolution,  multiorientation 
decomposition  of  the  image  using  the  discrete  wavelet  transform 
(DWT).  The  DWT  can  be  thought  of  as  filtering  of  the  image  into 
sub-bands  by  an  array  of  scale  and  orientation  specific  filters.  Since 
wavelets  have  good  spatial  and  frequency  localization,  the  wavelet 
coefficients  provide  a  good  characterization  of  the  texture. 

We  have  selected  Daubechies  D6  orthogonal  wavelet  (coefficients 
{0.3327,  0.8069,  0.4599,  -0.1350,  -0.0854,  0.0352})  for  the  DWT. 
The  orthorgonal  wavelet  prevents  correlation  between  scales  in  the 
decomposition  of  the  image  by  DWT.  We  perform  a  three-level 
wavelet  decomposition  of  an  image  which  results  in  10  sub-bands. 
Figure  13  displays  the  corresponding  sub-bands  created  by  the 
transform. 


Fig  13.  Three-level  wavelet  decomposition 
yielding  aub-bands  1  to  10. 


6.2.  Feature  extraction 

In  the  second  module,  feature  extraction,  the  image  is  first  divided  into  non-overlapping  blocks  of  size 
8x8  pixels.  For  each  block,  a  10-dimensional  feature  vector  is  assigned  whose  components  represent 
energy  within  the  block  in  each  of  the  wavelet  transform  frames  Wj_1:j0  shown  in  Figure  13.  Letting  the 
energy  of  block  B(i)  in  Wj  be  given  by  Ej(i),  we  have: 

EAi)=  X 

(k,  l)  e  B(i) 

where  w;-(k,l)  is  the  wavelet  coefficient  at  (k,l)  in  the  wavelet  transform  frame  Wj.  The  feature  vector  is 
normalized  by  the  total  energy  of  the  block. 

6.3.  Feature  classification 

In  the  third  and  last  module  we  classify  the  features  developed  in  the  previous  modules.  We  generated  a 
training  and  test  set  of  2400  vectors  (1200  each  corrosion  and  corrosion  free  vectors),  using  a  set  of 
images  of  corrosion  and  corrosion  free  surfaces.  A  clustering  algorithm  was  applied  on  the  training  sam¬ 
ple  vectors  to  find  three  prototype  vectors  representing  clusters  of  the  corrosion  vectors  and  five  prototype 
vectors  representing  clusters  of  corrosion  free  vectors  in  the  training  set.  The  algorithm  uses  a  1  nearest 
neighbor  method  to  classify  a  new  feature  vector  into  corrosion  or  corrosion  free  classes  based  on  its  dis¬ 
tance  to  the  prototype  vectors.  The  trained  algorithm  was  able  to  detect  95%  of  the  corrosion  vectors  of 
the  test  set. 

Figure  14a  displays  an  image  of  a  corroded  section  of  an  aircraft  surface.  Figure  14b  shows  the  output  of 
the  surface  corrosion  detection  algorithm.  Bright  and  dark  areas  indicate  corrosion  and  corrosion  free 
areas  in  the  image. 


Fig  14a.  surface  with  corrosion  Fig  14b.  output  of  corrosion  detector 
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Fig  15:  Left  and  right  perspectives  on  the  projected  17x17  laser  grid. 

The  blue  dot  in  the  right  image  [leftmost]  corresponds  to  the  red  dot 
[near  upper  left  of  grid  pattern]  in  the  left  image.  The  red  dots  in  the 
right  image  are  candidates  that  the  matching  algorithm  rejected. 

7.  SUBSURFACE  CORROSION  DETECTION  SYSTEM 

Subsurface  corrosion  may  be  visible  externally  because  of  the  surface  “pillowing”  it  induces.  Pillowing  is 
a  change  in  skin  surface  shape  rather  than  surface  texture;  it  is  detectable  as  an  increase  in  skin  surface 
height  toward  the  center  of  each  rivet  row-and-column-bounded  rectangle  over  a  region  suffering  from 
subsurface  corrosion.  Stereoscopic  cameras  are  well  suited  to  creating  surface  altitute  maps,  but  the  low 
density  of  high  contrast  features  on  aircraft  sheet  metal  expanses  makes  the  critical  step  of  identifying 
corresponding  points  in  left  and  right  images  very  difficult.  We  circumvent  this  difficulty  by  illuminating 
the  surface  with  a  laser  that  projects  a  square  grid  of  17x17  spots;  by  concentrating  on  these  spots  rather 
than  on  natural  textural  features  of  the  surface,  the  correspondance  problem  is  easily  solved. 

We  illustrate  this  system  with  Figure  15,  which  shows  the  dot  pattern  from  left  and  right  stereoscopic  per¬ 
spectives,  one  dot  in  the  left  image  marked  by  a  small  red  square  [near  the  upper  left  of  the  grid,  in  b&w 
rendering],  several  candidates,  in  color,  for  the  corresponding  dot  in  the  right  image,  and  the  dot  identi¬ 
fied  as  the  matching  one  shown  also  in  red  [the  leftmost  small  square,  in  b&w  rendering]. 

Figure  16  shows  the  result  of  applying  this  method  to  a  surface  step  (above,  actually  a  rubber  stopper)  and 
to  a  slightly  wrinkled  piece  of  aircraft  belly  skin  that  is  sloping  downward  from  back  to  front  (below). 

8.  SUMMARY  DISCUSSION  AND  FUTURE  WORK. 

8.1.  CIMP  AND  REMOTE  VISUAL  INSPECTION 

We  have  successfully  demonstrated  CIMP’s  remote  control  and  imaging  capability  to  Northwest  Airlines 
at  their  Minneapolis  747  maintenance  and  inspection  facility  and  to  US  Airways  at  their  Pittsburgh  main¬ 
tenance  and  inspection  facility.  Our  demonstration  showed  that  state-of-the-art  3D  stereoscopic  video 
technology  implemented  by  us  and  operated  by  inspectors  not  specifically  trained  in  its  use,  delivers 
imagery  of  sufficiently  high  visual  quality  that  aircraft  inspectors  and  NDI  supervisors  were  willing  to 
accept  it  (and  sometimes  prefer  it)  as  an  alternative  to  direct  visual  inspection. 

8.2.  Surface  crack  detection  algorithm 

Based  on  our  experience  with  the  algorithm  and  insights  gained  through  limited  testing,  we  are  convinced 
that  the  multiscale  edge  analysis  framework  on  which  the  algorithm  is  based  is  an  appropriate  framework 
for  extraction  and  analysis  for  aircraft  surface  cracks.  We  are  encouraged  by  its  performance  in  detecting 
simulated  cracks  though  it  was  trained  and  tested  using  only  a  small  sample  of  simulated  cracks.  Antici¬ 
pated  future  development  needs  include:  adding  suitable  new  features  to  the  feature  vectors  that  describe 
edges,  e.g.,  pairing  adjacent  rising  and  falling  edges,  linking  neighboring  edges  with  similar  feature  vec¬ 
tors,  i.e.,  edges  that  presumably  belong  to  a  single  object,  data  fusion  involving  multiple  images  of  the 
same  region  under  dynamic  lighting  conditions,  and,  for  all  of  these,  training  and  testing  with  a  richer 
library  of  natural  surface  cracks. 


8.3.  Surface  and  subsurface  corrosion  detection  algorithms 

The  surface  corrosion  detection  algorithm  is  successful  in  detecting  surface  corrosion  as  indicated  by  the 
performance  on  the  test  images.  We  plan  on  training  and  testing  the  algorithm  with  a  wider  array  of  cor¬ 
rosion  test  samples.  The  subsurface  corrosion  detection  algorithm  using  a  laser  spot  grid  projector  pro¬ 
duces  surface  profile  maps  that  lab  experiments  indicate  will  be  useful  for  detecting  pillowing  and  other 
problems  that  are  manifested  as  surface  height  variations. 

9.  CONCLUSION 

Our  research  efforts  are  directed  at  testing  the  hypothesized  feasibility  and  advantages  of  remote  visual 
inspection.  To  test  this  premise,  we  have  built  CIMP,  a  prototype  mobile  robot  that  carries  a  remote  imag¬ 
ing  system  and  an  inspection  console  that  allows  the  inspector  to  view  monoscopic  or  stereoscopic  imag¬ 
ery  of  the  remote  inspection  surface.  In  addition,  the  inspection  console  provides  the  inspector  with  a 
library  of  image  enhancement  and  understanding  algorithms  that  can  be  used  to  process,  enhance  and 
understand  the  remote  imagery  to  aid  the  detection  of  surface  defects.  Through  field  testing,  we  have 
demonstrated  successfully  that  our  remote  imaging  system  delivers  imagery  of  sufficient  high  visual 
quality  that  aircraft  inspectors  are  willing  to  accept  it  as  an  alternative  to  direct  visual  inspection.  In  this 
paper,  we  have  described  image  understanding  algorithms  for  surface  crack  and  corrosion  detection  and 
subsurface  corrosion  detection,  and  we  have  reported  test  results  that  are  promising.  We  believe  that  fur¬ 
ther  development  of  these  algorithms  based  on  their  adaptation  to  real  world  environments  through  exten¬ 
sive  testing  will  significantly  increase  their  probability  of  flaw  detection  and  make  them  successful  and 
productive  tools  for  remote  visual  inspection. 


Fig  16.  Method  of  detecting  subsurface  corrosion  by  elevation  mapping  of  the  visible  surface.  Top  three  frames  are  left 
and  right  perspectives  of  the  projected  laser  grid  illuminating  a  rubber  stopper,  and  the  corresponding  depth  map. 
Bottom  three  frames  are  left  and  right  perspectives  of  the  projected  laser  grid  illuminating  a  sloping  aircraft  sheet 
metal  surface,  and  the  corresponding  depth  map.  Elevation  resolution  is  about  0.5  mm. 
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EXTENDED  ABSTRACT 

The  processes  of  aging,  or  damage  accumulation  in  airframe  aluminum  alloys  is  considered  to  be  dominated  by 
localized  (or  pitting)  corrosion  in  the  early  stage,  and  by  corrosion  fatigue  crack  growth  in  the  later  stage  (see 
Fig.  1).  Corrosion  fatigue  cracking  was  found  to  nucleate  at  severe  corrosion  pits.  These  pits  formed  as  a  result 
of  dissolution  of  the  matrix  that  surround  clusters  of  cpnstituent  particles  in  the  alloys  that  is  induced  by  the 
particle-matrix  galvanic  corrosion  couple.  Cracking  away  from  the  nucleating  corrosion  pits  would  undergo  a 
regime  of  chemically-short  crack  growth,  with  anomalously  higher  growth  rates  than  that  to  be  expected  from 
conventional  long-crack  data.  In  this  presentation,  a  perspective  overview  of  the  current  state  of  understanding 
of  the  aging  of  aluminum  alloys  used  in  commercial  and  military  airframes  is  given.  Experimental  data  on 
pitting,  crack  nucleation,  and  short-  and  long-crack  growth  are  presented  to  illustrate  the  processes  of  aging.  A 
preliminary  probabilistic  model  for  life  prediction  that  integrates  the  individual  processes  is  presented,  and  the 
linkages  to  NDE  is  discussed.  It  must  be  recognized  that  the  results  are  gleaned  from  ongoing  research  at  the 
author’s  laboratory.  They  provide  an  overall  perspective  for  a  multidisciplinary  approach  and  serve  as  a  road 
map  for  the  process  for  integrating  information  on  damage  accumulation.  No  attempt  is  made  here  to  cite  the 
relevant  literature  on  this  subject. 

Keywords:  Corrosion,  Localized  Corrosion,  Corrosion  Fatigue,  Aluminum  Alloys,  NDE,  Life  Prediction 

Particle  Induced  Pitting  Corrosion 

Studies  of  localized  corrosion  were  focused  upon  pitting  corrosion  as  a  precursor  to  corrosion  fatigue  cracking 
in  the  2024-T3  and  7075-T651  (bare)  alloys,  and  were  carried  out  principally  at  room  temperature  in  0.5M  NaCl 
solutions.  The  results  show  that  localized  corrosion  (pitting)  resulted  from  galvanic  coupling  of  the  matrix  with 
constituent  particles  in  the  alloys.  Pitting  was  found  to  depend  strongly  on  temperature  and  solution  pH.  The 
pitting  rate  increased  with  increasing  temperature  (corresponding  to  an  activation  energy  of  about  40  kJ  mol.'1), 
and  was  higher  at  more  basic  pH  levels.  The  pitting  process  is  very  complex  and  involved  3-D  interactions  with 
the  constituent  particles.  Corrosion  sensitivity  is  orientation  dependent;  being  more  severe  in  the  thickness 
orientations  because  of  local  segregation  of  these  constituent  particles. 

Two  modes  of  pitting  corrosion  were  identified:  namely,  (i)  general  pitting  over  the  specimen  surface,  and  (ii) 
severe  localized  pitting  at  selected  sites.  General  pitting  occurs  almost  immediately  upon  specimen  immersion, 
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and  leads  to  the  formation  of  small,  shallow  pits  over  the  entire  specimen  surface.  Each  pit  is  clearly  identified 
with  a  constituent  particle  on  the  specimen  surface,  with  particle  or  matrix  dissolution  determined  by  the  nature 
(anodic  or  cathodic)  of  the  particle.  Severe  localized  pitting  occurred  at  selected  sites,  and  was  attributed  to  the 
interactions  of  the  matrix  with  a  cluster  or  clusters  of  constituent  particles.  The  particle  clusters  form  local 
galvanic  cells  to  sustain  continued  matrix  dissolution,  and  resulted  in  the  larger  and  deeper  pits. 

Particle  induced  general  pitting  has  been  observed  by  scanning  electron  microscopy  (SEM)  (Fig.  2),  and  by 
transmission  electron  microscopy  (TEM)  (Fig.  3).  Typical  severe  pits  formed  from  clusters  of  constituent 
particles  are  shown  in  cross  section,  along  with  an  inset  of  the  pits  at  the  specimen  surface,  in  the  SEM 
micrographs  (Fig.  4).  The  larger  of  the  two  pits  is  approximately  500  jim  long  and  70  p.m  wide  at  the  surface, 
and  approximately  300  (im  deep  at  this  section;  the  overall  shape  reflects  the  planar  distribution  of  constituent 
particles  in  this  alloy.  A  comparison  of  the  deeper  severe  pit  in  Fig.  4  with  the  SEM  microfractograph  of  a 
fatigue  crack  origin  (a  corrosion  pit  represented  by  the  dark  region  at  the  center  of  the  microfractograph)  in  Fig. 
5  shows  that  their  overall  features  are  nearly  identical.  The  associated  surface  features  of  the  fatigue  origin  (not 
shown)  are  also  identical  to  those  shown  in  the  inset  in  Fig.  4.  The  3-dimensional  nature  and  complex  form  of 
the  severe  pits  are  illustrated  by  the  SEM  micrographs  of  the  replica  of  a  typical  severe  pit,  in  plan  and  side 
view,  in  Fig.  6.  The  individual  rounded  features  are  consistent  with  galvanic  corrosion  of  the  matrix  by  the 
cathodically  behaving  constituent  particles  in  the  alloy(c/,  Figs  2  and  3). 

Fatigue  Crack  Nucleation  (Transition  from  Pitting  to  Crack  Growth) 

Corrosion  fatigue  crack  nucleation  reflects  the  competition  between  pitting  and  fatigue  crack  growth,  and  is 
characterized  by  the  transition  to  fatigue  crack  growth  from  a  growing  pit.  Two  criteria  for  this  transition  have 
been  proposed  and  validated.  They  are:  (i)  the  cyclic  stress  intensity  range  ( AK )  for  an  equivalent  crack  must 
exceed  the  fatigue  crack  growth  threshold  AKth,  and  (ii)  the  time-based  fatigue  crack  growth  rate  must  exceed 
the  pit  growth  rate;  i.e., 


AK>AKlh  and 


(1) 


where  c  is  the  half-length  of  the  equivalent  crack  or  the  corresponding  pit  dimension  at  the  surface.  The 
transition  criteria  may  be  represented  graphically  by  a  corrosion/fatigue  map.  The  map  delineates  the  transition 
AKlr  in  relation  to  the  cyclic  load  frequency /,  with  the  applied  cyclic  stress  range  as  a  parameter.  A  typical  map, 
showing  data  on  the  pit-to-crack  growth  transition  in  a  2024-T3  alloy,  is  given  in  Fig.  7. 

Fatigue  Crack  Growth  (Chemically  Short  Cracks) 

Studies  of  the  transition  from  pitting  to  corrosion  fatigue  crack  growth  (or  crack  nucleation)  suggested  that  the 
pit  size  at  transition  is  in  the  range  of  40  to  200  |im  (or  0.04  to  0.2  mm).  The  extent  of  fatigue  crack  growth  of 
interest  (for  example,  in  aircraft  fuselage  lap  joints),  on  the  other  hand,  is  on  the  order  of  a  few  millimeters.  As 
such,  characterization  and  modeling  of  the  early  stage  (or  chemically  short  regime)  of  corrosion  fatigue  crack 
growth  is  important  to  the  accurate  and  reliable  assessment  of  service  lives  of  aircraft  structures. 
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Experiments  on  2024-T3  (bare)  and  7075-T651  alloy  sheets  in  0.5M  NaCl  solutions,  at  room  temperature  and 
10  Hz,  for  crack  lengths  from  0.5  to  15  mm,  showed  chemically  short-crack  growth  behavior.  The  behavior  is 
quite  complex  and  depends  on  AK  and  dissolved  oxygen  concentration  (see  Fig.  8,  for  example).  The  effect 
manifested  itself  in  increased  crack  growth  rates  at  a  crack  length  of  0.5  mm,  by  as  much  as  a  factor  of  two,  at 
the  low'er  AK  levels  (see,  for  example,  data  for  AK  =  5  MPaVm  in  Fig.  8),  and  in  a  subsequent  decrease  to  the 
long-crack  rates  at  crack  lengths  that  depend  on  AK.  The  short-crack  effect  gradually  disappeared  at  higher  AK 
levels;  the  particular  level  depended  on  oxygen  concentration.  The  short-crack  effect  is  attributed  to  the  decrease 
in  dissolved  oxygen  at  the  crack  tip  with  crack  prolongation.  The  cause  for  the  disappearance  of  short-crack 
effect  with  increasing  AK,  however,  is  unclear  and  is  under  active  investigation. 

A  Mechanistically  Based  Probability  Approach  To  Life  Prediction. 

To  demonstrate  the  integration  of  the  damage  processes  into  a  mechanistically  based  probability  framework,  a 
dominant  flaw,  probability  model  for  pitting  and  corrosion  fatigue  was  formulated.  This  model  assumed  pitting 
corrosion  to  be  at  a  constant  volumetric  rate,  and  fatigue  crack  growth  to  follow  a  simple  power-law  model. 
Transition  from  pit  (hemispherical)  to  crack  (semi-circular)  was  based  on  the  use  of  only  the  first  of  two  criteria 
in  (1).  The  overall  model  incorporated  initial  defect  (pit)  size  a„  ,  pitting  current  coefficient  IPo  ,  fatigue  crack 
growth  rate  coefficient  C>,  and  fatigue  crack  growth  threshold  (AKth)  as  random  variables.  Specifically,  the  time 
to  failure  was  found  to  be: 
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The  first  term  represents  the  contribution  from  pitting  corrosion,  and  the  second  term,  fatigue  crack  growth.  In 
(2),  af  is  the  final  crack  size,  v  is  the  cycle  frequency,  p  is  the  density,  M  is  the  molecular  weight,  and  n  is  the 
valence  of  the  aluminum,  AH  is  the  activation  energy,  F  is  Faraday’s  constant,  and  R  is  the  universal  gas 
constant.  Typical  results  showing  the  influences  of  loading  frequency  are  shown  in  Fig.  9.  The  potentially 
significant  impact  of  corrosion  may  be  seen  from  the  crack  initiation  life.  This  mode!  has  been  extended  further 
to  account  for  corrosion  and  fatigue  from  an  open  circular  hole,  and  incorporates  a  further  transition  from  the 
semi-circular  crack  at  an  open-hole  to  a  through-thickness  crack. 

Effect  of  Pitting  Corrosion  on  Fatigue  Life 

The  significance  of  corrosion  pits  on  fatigue  may  be  seen  from  an  estimate  of  their  effect  on  fatigue  (or  crack 
growth)  life.  In  a  recent  re-examination  of  a  study  by  Harmsworth  on  effect  of  pre-corrosion  on  fatigue  in  a 
2024-T4  aluminum  alloy,  it  was  found  that  the  observed  fatigue  lives  could  be  correlated  with  the  crack  growth 
lives  from  the  measured  initial  pit  sizes.  In  other  words,  crack  nucleation  time,  if  present  at  all,  could  be 
reasonably  neglected.  The  observed  fatigue  life,  therefore,  may  be  governed  by  the  initiating  damage  (particle  or 
pit)  size  and  the  rate  of  subsequent  crack  growth.  For  simplicity,  fatigue  crack  growth  is  assumed  to  follow  a 
power-law  of  the  following  form: 
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^-  =  cmk-ak„) 


AK  =  fiAc  Va 


(3) 


where  Cf  is  crack  growth  rate  coefficient;  AK,i,  is  the  fatigue  threshold  AK;  is  a  geometric  parameter;  and  n  is 
the  power-law  exponent.  The  material  parameters  Cf  and  AK,h  are  both  functions  of  the  test  environment,  as 
well  as  temperature  and  other  factors. 

For  these  estimates,  the  initiating  constituent  particle,  or  severe  corrosion  pit,  is  again  assumed  to  be 
hemispherical  in  shape  and  to  be  equivalent  to  a  semi-circular  crack  with  the  same  radius  (with  /3  =  2.2ki/2). 
Because  the  initiating  particle  and  pit  sizes  are  very  small,  the  final  crack  size  at  fracture  can  be  neglected,  and 
the  predicted  fatigue  (crack  growth)  life  is  given,  from  integration  of  (3),  simply  by: 


where  AKt  correspond  to  the  initial  pit  radius  a,,.  Using  Cf  =  1.3x10'’ 1  and  3.95x10"' 1  (m  cyc  ')(MPaVm)'3  55, 
and  AK,h  =  0.95  and  0.5  MPaVm  for  (dry)  air  and  0.5M  NaCl  solution,  respectively,  and  n  =  3.55  (estimated 
from  data  on  the  2024-T3  alloy),  the  predicted  fatigue  lives  at  different  stress  levels  (from  100  to  400  MPa)  are 
calculated,  for  an  initial  pit  radius  of  10  to  200  pm,  and  are  shown  in  Fig.  10.  For  the  estimated  life  in  (dry)  air, 
a  particle  radius  of  10  pm  was  used.  The  choice  of  AK,h  is  somewhat  arbitrary,  and  reflects  a  recognition  that 
the  levels  associated  with  a  corrosion  pit  may  be  substantially  lower  than  that  observed  from  long-crack 
experiments. 

There  is  a  striking  resemblance  of  Fig.  10  to  the  conventional  S-N  data  for  corrosion  fatigue:  with  a  reduction  in 
life  and  a  lowering  of  the  endurance  limit.  The  reductions  in  fatigue  lives  are  clearly  identified  with  increases  in 
the  size  of  a  corrosion  pit.  The  response  may  be  interpreted  simply  in  terms  of  the  effect  of  pre-corrosion  (or 
pre-pitting).  It  may  be  viewed  also  as  a  reflection  of  fatigue  at  different  loading  frequencies;  with  the  lower 
frequencies  producing  larger  pits  and  shorter  fatigue  lives.  The  interpretations  are  consistent  with  the  set  of 
transition  criteria  that  have  been  proposed  (see  (1)),  and  provide  a  framework  for  airworthiness  and  fatigue  life 
assessments. 

Implication  for  NDE 

Figure  10  provides  a  reasonable  estimate  of  the  impact  of  pitting  (and  other  forms  of  corrosion  damage)  on 
fatigue  life.  Coupled  with  the  information  on  pitting  per  se,  it  serves  as  a  quantitative  basis  for  assessing  the 
challenges  that  confront  NDE.  At  a  stress  of  300  MPa  (approximating  the  stress  at  the  inner  bore  of  a  rivet 
hole),  a  corrosion  pit  of  200  jam  in  depth  would  result  in  a  reduction  in  fatigue  life  by  nearly  two  orders  of 
magnitude  from  the  uncorroded  state  (i.e.,  from  one  million  to  less  than  20,000  cycles).  This  pit  size  is  to  be 
viewed  as  an  order  of  magnitude  estimate  of  the  ‘damage’  that  would  need  to  be  detected  with  reliability  by 
NDE.  The  damage  (corrosion  pits)  is  of  complex  geometry  and  would,  in  general,  be  hidden.  Therein  lies  the 
challenge  for  NDE.  It  is  hoped  that  the  NDE  community  would  broaden  its  interactions  with  the  structures  and 
materials  communities  to  address  the  common  challenge  of  ensuring  the  airworthiness  and  operational  readiness 
of  civil  and  military  aircraft. 


{n-2)CF^1AG\AKl-AKj 


(n~2)AKlh 

(n-l)(AK,-AK,h) 
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Transportation,  Federal  Aviation  Administration,  DOT/FAA/AR-95/76,  Final  Report,  National  Technical 
Information  Service,  Springfield,  VA  22161,  February  1996. 

2.  Robert  P.  Wei,  “Corrosion  Fatigue:  Science  and  Engineering”,  in  Recent  Advances  in  Corrosion  Fatigue , 
Sheffield,  UK  16-17  April  1997,  to  appear. 

3.  Robert  P.  Wei  and  D.  Gary  Harlow,  “Aging  of  Airframe  Materials:  From  Pitting  to  Cracking”,  Proceedings 
of  First  Joint  DoD/FAA/NASA  Conference  on  Aging  Aircraft,  Ogden,  Utah,  July  1997,  to  appear. 
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Figure  4: 


3.5%  NaCl  @  338K 
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TEM  micrograph  of  7075-T651  aluminum  alloy  showing  oxide  left  behind  by 
particle-induced  corrosion:  (a)  residual  oxide,  and  (b)  reconstructed  image  showing 
position  of  original  particle. 


SEM  micrograph  of  the  cross-section  of  severe  corrosion  pits  in  a  2024-T3  alloy 
(TS)  surface  along  with  an  inset,  showing  the  corresponding  surface  appearance  of 
the  pits. 
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Figure  6:  Replica  of  a  typical  pit:  (a)  plan  (bottom)  view,  and  (b)  elevation  (side)  view; 

relative  to  the  original  pit. 


Figure  5: 


surface  of  a  2024-T3  alloy  showing  a 


SEM  microfractograph  of  fatigue  fracture 
severe  corrosion  pit  as  the  crack  nucleus. 
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Figure  7: 


Figure  8: 
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The  relationship  between  the  stress  intensity  factor  range  of  equivalent  cracks  at 
fatigue  crack  nucleation  and  the  frequency  of  the  applied  cyclic  stress. 
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Effect  of  AK  level  on  crack  growth  response  in  an  aerated  0.5M  NaCI  solution,  with 
[Oo]  =  30  ppm,  showing  chemically  affected  short  crack  growth. 
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Figure  9:  Relative  contribution  of  the  time  to  initiation  and  the  time  of  crack  growth  on  the 

CDF  for  the  time  to  failure  at  293  K  and  90  MPa. 


Fatigue  Life  (cycles) 

Figure  10:  The  influence  of  stress  and  initial  pit  size  on  fatigue  life. 
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Some  new  approaches  to  understanding  and 
characterizing  exfoliation  corrosion  in  aircraft 
aluminum  alloy  sheet  metal 
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Department  of  Metallurgical  and  Materials  Engineering,  Materials  Research  Institute,  and 
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ABSTRACT 

In  the  absence  of  evidence  for  elemental  excess  or  depletion  at  elongated  and  exfoliating  grain 
boundaries  in  2024  aluminum  alloy  sheet  samples  from  KC-135  aircraft  body  skins,  we  are  pursuing 
different  analytical  and  experimental  approaches  involving  the  measurement  and  comparison  of 
grain  boundary  geometry  and  crystallography  as  these  relate  to  energetics.  We  have  used  electron 
backscatter  diffraction  in  the  scanning  electron  microscope  to  compare  microtexture  in  the  orthogo¬ 
nal  sample  planes  along  with  mesotextures  of  special  grain  boundaries.  These  measurements  are 
compared  with  transmission  electron  microscopy  observations  of  grain  boundary  misorientations  for 
[1  1  0]  directions  in  identically  oriented  (110)  and  (112)  neighbor  grains.  Fundamental  issues 
involved  in  the  development  and  propagation  of  exfoliation  cracks  within  the  elongated  grain  layers 
are  discussed  on  the  basis  of  these  preliminary  observations  and  comparisons,  and  a  simple  model  is 
developed. 

Keywords:  exfoliation  corrosion,  aluminum  alloy  sheet,  scanning  and  transmission 
electron  microscopy,  grain  boundary  energetics,  misorientation  distributions. 


1.  INTRODUCTION 

There  has  been  a  recent  interest,  a  renewal  of  sorts,  in  understanding  corrosion  phenomena  in 
aircraft  sheet  metals,  particularly  2xxx  and  7xxx  aluminum  alloys.  This  interest  stems  from  the  fact 
that  many  aircraft,  especially  KC-135  military  aircraft  and  the  707  commercial  equivalent,  may  be 
expected  to  be  operational  for  another  40plus  years.  Although  in  the  case  of  the  KC-135,  actual 
flight  hours  are  minimal,  many  aircraft  are  exhibiting  a  variety  of  corrosion  problems,  and  exfolia¬ 
tion  in  body  skins  is  particularly  notable. 

Exfoliation  is  a  directional  attack  along  elongated  grain  boundaries  which  has  the  appearance 
of  a  french  pastry  dough.  Kelly  and  Robinson1  have  recently  attributed  exfoliation  to  a  stress  corro¬ 
sion  cracking  (SCC)  mechanism  driven  by  wedging  of  corrosion  products  in  the  elongated  grain 
boundary.  These  wedging  forces  are  attributed  to  the  aspect  ratio  of  the  elongated  grains,  and  in¬ 
crease  with  increasing  aspect  ratio.  This  is  a  relatively  new  approach  to  exfoliation  in  aluminum 
alloy  sheet,  and  based  in  part  on  earlier  work  by  oxide  wedging  to  form  SCC  cracks  in  stainless 
steel2-3.  In  fact,  Habashi,  et  al4  as  well  as  Robinson3  in  earlier  work,  have  demonstrated  that  exfolia¬ 
tion  is  primarily  an  SCC  mechanism.  However,  Robinson3  has,  among  others5'7,  attributed  the 
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exfoliation  corrosion  mechanism  to  electrochemical  effects  between  grain  boundary  precipitates  and 
adjacent,  solutedenuded  (or  depleted)  zones.  Copper  depletion  has  been  historically  linked  to  these 
electrochemical  effects.  However,  recent  work  by  Posada,  et  al8  failed  not  only  to  provide  any 
evidence  for  copper  depletion  in  or  near  equiaxed  grain  boundaries  in  the  sheet  thickness  for  2024 
aluminum  body  skins  from  KC-135  aircraft,  but  there  was  no  compelling  evidence  for  either  ex¬ 
cesses  or  deficiencies  of  any  elements.  Only  a  slight  variation  in  the  overall  precipitate  composition 
in  the  matrix  and  generally  within  the  grain  boundaries  was  noted.8 

The  nature  of  exfoliation  corrosion  in  aluminum  alloy  sheet  such  as  2024  seems  to  be  com¬ 
plicated  by  several  interconnected  phenomena.  First,  the  corrosion  product  must  nucleate  and  grow 
in  or  near  the  grain  boundary.  Second,  this  nucleation  and  growth  must  create  a  large-area  fracture 
along  the  grain  boundary  plane.  Third,  there  appears  to  be  some  simultaneity  in  these  events  be¬ 
cause  these  exfoliation  failures  can  occur  along  each  grain  layer  or  multiple  grain  layers  to  create  the 
characteristic  leafing  or  french  dough  appearance.  There  is  usually  no  external  (resolved)  stress 
acting  to  promote  the  exfoliation  process,  and  a  wedging  action  therefore  seems  quite  plausible. 

However,  Campuzano-Contreras  et  al9  have  recently  demonstrated  that  2024  aluminum  alloy 
corrosion  products  contain  high  concentrations  of  bayerite  (A10(0H)3)  and  boemite  (AIO(OH)),  and 
it  is  difficult  to  understand  how  such  products  would  be  nucleated  by  grain  boundary  precipitates  or 
other  features  related  to  interfacial  electrochemical  phenomena.  Furthermore,  it  is  difficult  to  under¬ 
stand  the  overall  nature  of  rapid  grain  boundary  decohesion  which  must  contribute  as  a  significant 
aspect  of  exfoliation. 

It  is  the  more  fundamental  aspects  of  the  elongated  grain  boundaries  in  2024  aluminum 
aircraft  alloy  sheet  which  are  the  focus  of  this  investigation  We  begin  with  the  premise  that  because 
there  is  an  apparent  catastrophic  or  rapid  decohesion  along  vast  areas  of  grain  boundary  planes,  there 
may  be  quantifiable  aspects  of  grain  boundary  geometry  or  crystallography10  which  may  render  a 
better  understanding  of  the  overall  process  of  exfoliation.  To  this  end,  we  have  begun  a  systematic 
analysis  of  grain  boundary  geometry  and  crystallography  in  exfoliated  2024  aluminum  aircraft 
sheet11  samples  utilizing  transmission  electron  microscopy  (TEM)11  and  electron  backscatter  diffrac¬ 
tion  (EBSD)  analysis  in  the  scanning  electron  microscope 
(SEM)12-14. 


2.  ANALYTICAL  FORMALISMS  AND  EXPERIMENTAL  CONSIDERATIONS 
2.1  TEM  analysis  of  elongated  grain  boundaries 

Figure  1  illustrates  typical  exfoliation  features  in  a  2024  aluminum  sheet  from  a  KC135  aircraft 
body  skin  sample,  and  provides  both  a  practical  perspective  and  an  experimental  framework  for  the 
development  of  preliminary  research  to  be  reported  herein. 

We  consider  that  rapid  cracking  along  the  elongated  grain  boundary  planes  (Fig.  1(b))  is 
influenced  by  some  effective  embrittlement  or  other  weakening  of  the  grain  boundary  which  is 
normally  associated  with  a  reduced  grain  boundary  energy11.  To  investigate  the  prospects  for  some 
propensity  of  low  angle  boundaries,  we  begin  by  considering  an  idealized  tilt  boundary  utilizing  the 
simple  formalism  of  Read  and  Shockley15  and  Read16,  as  illustrated  schematically  in  Fig.  2.  This 
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simple  formalism  assumes  a  symmetrical  dislocation  array  to  characterize  the  boundary  structure; 
he.,  edge  dislocations  (with  Burgers  vector  b)  spaced  a  distance,  D,  to  accommodate  a  rotation  of 
two  crystal  lattices  (or  grains  A  and  B)  about  an  orthogonal  axis,  to.  In  the  symmetrical  case,  the 
boundary  trace  (t)  and  the  normal  to  the  boundary  plane  (n)  are  orthogonal,  and  each  bisects  the 
total  misorientation  angle  0  (Fig.  2).  From  the  grain  boundary  geometry  illustrated  in  Fig.  2 

D  =  |  b  | /2  sin  (0/2)  (1) 

or  for  small  0,  D  =  |  b  |  /0.  The  corresponding  Read-Shockley  energy  for  this  idealized  grain 
boundary  is  given  by 

YRS  =  Y0®  (A  " ln  (2) 


Figure  1:  (a)  Three  dimensional  (orthogonal  plane)  structure  for  exfoliating  2024  aluminum  alloy 
sheet  sample  from  a  KC-135  aircraft  (b).  Notations  are  in-plane  (P),  longitudinal  (L)  and  transverse 
(T).  Exfoliating  region  of  the  sample  in  (a)  showing  leafing  between  elongated  grain  layers  in  the 
longitudinal  plane. 


where  yo  =  Gb/47t  (l-v>);  and  G  is  the  shear  modulus,  v  is  Poisson’s  ratio,  and  A  is  a  constant.  It  is 
often  convenient  and  customary,  based  on  the  analysis  above,  to  consider  dislocation-structure 


125 


I 


Figure  2:  Read-Shockley15  dislocation  boundary  development  and  boundary  geometry  and  crystal¬ 
lography  notations,  (a)  Single  crystal  lattice  with  the  placement  of  a  virtual  grain  boundary  plane 
(shaded)  normal  to  the  reference  surfaces.  The  boundary  trace  is  denoted  x  and  n  is  the  normal  to  the 
boundary.  CD  is  a  rotation  axis,  x,  CD,  and  n  are  orthogonal  axes,  (b)  Symmetric  rotation  of  lattice  A 
and  B  about  co  to  produce  a  dislocation  boundary.  A  and  B  are  crystallographic  trace  directions  in  A 
and  B.  The  total  misorientation  of  A  and  B  is  denoted  0.  (c)  Shows  a  rendering  of  the  lattice  corre¬ 
sponding  to  a  simple  cubic  surface  orientation  of  A  and  B.  Note  the  boundary  plane  (with  trace  x)  is 
perpendicular  to  the  grain  or  crystal  surfaces  A  and  B  (which  are  identical:  A  =  B  in  this  analysis). 
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boundaries  to  represent  low-angle  boundaries  (0  <  15°)  and  high-angle  boundaries  to  be  represented 
by  0  >  15°.  If  the  Read-Shockley  equation  (Eqn.  (1))  is  normalized  to  this  condition,  then  we  can 
let  yRS/ym  =  1;  0/0m  =  1  and  rewrite  Eqn.  (1)  in  the  form 

(Yrs/YJ  =  (0/QJO  -  In  (0/0J)  (3) 

which  can  be  ideally  represented  in  the  sketch  shown  in  Fig.  3. 


Figure  3:  Normalized  plot  of  grain  boundary  energy  versus  misorientation.  Simple  sketches  of  the 
corresponding  dislocation  boundary  structure  evolution  is  shown  above  the  plot.  The  usual,  high- 
angle  grain  boundary  free  energy  is  denoted  ygb10. 


It  can  be  observed  in  Fig.  3  (and  by  a  simple  interrogation  of  Eqn.  (1))  that  when  D  approaches 
the  Burgers  vector  dimension  (D-»b),  the  dislocation  cores  will  overlap.  The  core  radius  is  not 
known  absolutely,  but  is  often  approximated  to  be  around  5b10,  so  if  we  assume  that  this  overlap  will 
become  appreciable  between  about  6b  to  3b,  then  the  corresponding  range  of  misorientation  angles 
(0)  will  be  10°  to  19°.  This  corresponds  roughly  to  the  transition  region  in  Fig.  3.  Figure  3  shows 
that  there  is  a  strong  correlation  between  grain  boundary  energy  (specific  interfacial  free  energy10) 
and  the  misorientation  angle,  0,  in  the  range  from  0  to  about  15°. 

To  investigate  the  prospects  for  some  propensity  for  low-angle  boundaries  which  may  con¬ 
tribute  to  exfoliation,  we  prepared  thin,  TEM  sections10  in  the  sheet  thickness,  parallel  to  the  grain 
orientations  illustrated  in  the  section  views  in  Fig.  1.  The  details  of  the  actual  thin  film  preparation 
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Figure  4:  Geometrical  and  crystallographic  conventions  for  grain  boundary  analysis  in  thin,  elec¬ 
tron  transparent,  sections  in  the  TEM.  The  actual  grain  boundary  (gb)  trace  is  denoted  x  in  contrast 
to  the  symmetric  trace,  x.  In  this  example,  A  =  B  =  (1 10)  and  A  =  B  =  [1  1  0]  shown  by  the  calcu¬ 
lated  fee  electron  diffraction  patterns  inserted.  Allowed  (fee)  reflections  are  denoted  by  solid  circles 
The  boundary  plane  inclination  (with  respect  to  the  section  surfaces)  is  denoted  0.  Other  notations 
correspond  to  Fig.  3. 
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have  been  given  previously17.  Figure  4  shows  the  complete  geometry  and  crystallography  for  a  grain 
boundary  in  these  thin  TEM  sections  utilizing  the  conventions  established  in  Fig.  2.  A  key  experi¬ 
mental  requirement  illustrated  in  Fig.  4  was  that  the  grain  surface  orientations  for  grains  A  and  B 
must  be  the  same  (as  determined  by  selected-area  electron  diffraction  SAD)11.  This  uniquely  defines 
the  boundary  misorientation,  0,  which  is  shown  as  the  minimum  angle  between  trace  directions  A 
and  B.  In  Fig.  4,  the  inserted  diffraction  pattern  nets10  are  (110)  and  A  =  B  =  [lTO].  The  boundary 
plane  is  shown  inclined  to  the  surface  at  some  angle,  0,  in  Fig.  4,  but  in  the  ideal  case  shown  in  Fig. 
2,  0  =  90°.  Indeed,  since  the  elongated  boundary  plane  is  essentially  parallel  to  the  sheet  (longitudi¬ 
nal)  plane  (Fig.  1(a)),  the  grain  boundary  planes  would  be  expected  to  be  nearly  normal  to  the  thin 
film  (specimen)  surface,  i.e.,  0  s  90°.  Consequently,  the  only  significant  deviation  from  the  ideal 
situation  represented  in  Fig.  2  is  a  deviation  from  symmetry  shown  by  <j)  in  Fig.  4.  The  angle  0  is 
commonly  referred  to  as  the  asymmetry  angle,  and  when  0  =  90°  in  Fig.  4,  the  asymmetry  modifies 
Eqn.  (1)  as  follows: 


D'  =  |  b  |  /  2  sin  (0/2)  cos  0  (4) 

But  when  Eqn.  (4)  is  interrogated  for  its  sensitivity  to  0,  we  find  that  when  D'/D  =  0.9,  0  =  26°.  For 
grain  surface  orientations  such  as  (110)  and  (112),  the  misorientation  of  [1  1  0]  directions  will  vary 
between  0  and  90°  while  corresponding  0  values  will  range  from  0  to  45°.  Consequently,  0  is  not 
very  significant  especially  for  0  <  26°  (at  least  from  an  engineering  perspective).  Therefore, 
misorientation  distributions  should  be  able  to  provide  reliable,  qualitative  representations  of  grain 
boundary  energies  or  energy  distributions  for  0  values  less  than  about  26°. 

In  the  TEM  studies  to  be  reported  in  this  paper,  misorientations  were  measured  for  (110)  and 
(112)  grain  surface  orientations  as  shown  in  Fig.  5,  i.e.  the  misorientation  angle  (0)  was  measured  as 
the  minimum  angle  between  [1  1  0]  directions  extended  as  traces  in  grains  A  and  B;  as  shown  sche¬ 
matically  in  Fig.  4.  In  order  to  check  the  deviations  from  symmetry,  0,  for  misorientation  (0)  distri¬ 
butions  were  also  measured  for  these  two  grain  surface  orientations. 
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Figure  5:  Examples  of  indexed  fee  (110)  and  (112)  selected-area  electron  diffraction  (SAD)  pat¬ 
terns.  Allowed  reflections  are  solid  circles.  Traces  of  { 111 }  planes  are  shown  dotted  and  their 
inclination  with  the  crystallographic  surface  noted.  The  experimental  trace  directions  A  =  B  are  also 
noted  in  the  corresponding  [1  1  0]  directions  common  to  each  pattern. 
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2.2  Texture  comparisons,  orientation  distributions,  and  special  boundary  frequencies 


The  SEM  can  now  be  used  as  a  convenient  means  to  produce  texture  representations  (pole 
figures)  and  the  crystallographic  directions  for  specific  grains  which  constitute  a  grain  boundary  can 
also  be  utilized  in  determining  crystallographic  coincidences  which  would  ideally  describe  an  inter¬ 
face  separating  them.  A  pole  figure  (or  inverse  pole  figure)  is  a  stereographic  projection  or  a  pro¬ 
jected  section  of  a  stereogram  which  illustrates  the  distribution  of  zone  axes  (or  poles)  for  grains 
composing  a  section.  High  frequencies  of  specific  crystallographic  directions  are 

characteristic  of  textures  {hkl}<h'kT>  where  h,k,l  and  h',k',l'  are  not  necessarily  equal.  In  addition, 
a  pole  figure  is  only  a  statistical  distribution  of  a  single  direction.  A  better  description  is  given  by  a 
so-called  orientation  distribution  function  (ODF)  which  can  be  displayed  as  a  three-dimensional  plot 
with  the  three  Euler  angles  as  axes.  There  is  a  relationship  between  Euler  angles  and  Miller  indices 
for  cubic  materials.  However,  there  is  no  direct  association  between  Euler  space  and  the  specimen 
coordinate  system.  Other  three-dimensional  space  representations  can  be  utilized  to  overcome  this 
deficiency  and  provide  a  rapid  and  quantitative  description  of  the  misorientation  relationship  be¬ 
tween  randomly  oriented  grains.  It  should  be  noted  here  that  this  misorientation  relationship  is  not 
the  specific  rotation  angle  for  identically  oriented  grains  as  described  above  in  Figs.  3  and  4  where  A 
=  B  ((hkl)A  =  (hkl)B)  and  A  and  B  =  [hkl]A  =  [hkl]B.  Instead  this  is  a  concept  of  an  axis/angle  rotation 
where  in  order  to  express  the  absolute  orientation  of  a  crystal  (B),  the  reference  crystal  (A)  is  taken 
to  be  the  standard  cubic  crystal  orientation.  To  some  extent  Euler  space  can  also  relate  random 
orientations  A  and  B  (or  lattices  A  and  B)  by  rotations  about  coordinate  axes.  That  is,  a  set  of 
cartesian  x',  y\  z'  rigid  body  axes  initially  aligned  with  u,,  u2,  u3  can  be  rotated  into  alignment  with 
u,',  u,',  u3'  by  three  successive  rotations.  Figure  6(a)  illustrates  this  concept  schematically  where  the 
three  Euler  angles  a,  (3,  and  y  define  the  rotation  uniquely  (except  for  multiples  of  2n)  in  three- 
dimensional  Euclidean  space: 


R  (Euler)  =  R  (a,  (3,  y)  = 


(cos  a  cos  (3  cos  y  - 

■  (cos  a  cos  (3  sin  y 

cos  a  sin  P 

-  sin  a  sin  y) 

+  sin  a  cos  y) 

(sin  a  cos  (3  cos  y 

( -  sin  a  cos  (3  sin  y 

sin  a  sin  p 

+  cos  a  sin  y) 

+  cos  a  cos  y) 

-  sin  [3  cos  y 

sin  p  sin  y 

cos  P 

(5) 


or 


[u,',  u/,  u/  ]  =  [u,,  u2,  u3]  R  (a,  (3,  y) 


(6) 


The  concept  of  a  Rodriguez-Frank  (R-F)  space11  has  also  become  a  popular  notation  for  axis/ 
angle  pair  rotations  of  one  lattice  into  another,  especially  in  connection  with  the  generation  of  EBSD 
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patterns  and  their  analysis  in  the  SEM1113.  Figure  6(b)  illustrates  this  concept  where 


(7) 


is  the  rotation  of  crystal  B  which  brings  it  into  the  same  orientation  as  crystal  A,  and  a  are  direction 
cosines  between  the  cartesian  axes.  The  rotation  angle  (or  relative  orientation)  shown  is  defined  by 

cos0r  =  (an  +  a22  +a33)/2  (8) 

and  the  axes  of  crystal  (lattice)  B  can  be  chosen  in  24  equivalent  ways  (or  axis/angle  pairs)  in  which 
a  misorientation  matrix  can  be  expressed12.  The  lowest  rotation  angle  solution  is  quoted,  and  there  is 
at  least  a  qualitative  relationship  between  these  angles  (0r)  and  the  idealized  misorientation,  0, 
described  above,  and  illustrated  for  comparison  in  Fig.  6(c). 


a 


Figure  6:  Three-dimensional  representations  for  rigid-body  (lattice)  rotations  and  relative  orienta¬ 
tions.  (a)  The  Euler  angles  a,  (3,  y.  The  rotation  through  (3  is  denoted  by  the  node  line,  L.  Note  that 
a  and  (3  are  the  spherical  polar  coordinates  for  vector  u3  in  the  u,,  u2,  and  u3  system,  (b)  Rodriguez- 
Frank  space12  showing  relative  misorientation  between  two  lattice  A  and  B.  A  virtual  grain  boundary 
is  assumed  to  divide  these  lattices,  (c)  Special  case  for  simple  (symmetric)  rotation  of  identical 
crystal  lattices  A  =  B  about  (0.  Notation  corresponds  to  Figs.  2  and  3. 
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EBSD  patterns  are  obtained  in  the  SEM  using  focused,  backscattered  electrons.  These  are 
Kikuchi  (or  pseudo  Kikuchi)  patterns  similar  to  electron  channelling  patterns  obtained  by  a  rocking 
beam  in  earlier  concepts11,  and  provide  accurate  orientation  analysis  for  polished  specimens  with 
grain  sizes  >  2  |im.  These  patterns  are  used  to  obtain  microtextures,  and  ODFs  (or  inverse  pole 
figures)  are  constructed  from  individual  grain  orientation  measurements. 

In  the  context  of  R-F  space,  it  is  possible  to  plot  the  frequency  of  random  boundary 
“misorientations”  from  EBSD  pattern  analysis  and  compare  these  with  the  ideal,  random  boundary 
frequency  distribution  which  can  be  calculated.  In  addition,  the  axis/angle  pair  data  which  is  gener¬ 
ated  can  be  used  to  plot  the  special  boundary  (E)  or  coincidence  site  lattice  (CSL)10  distribution, 
which  is  often  referred  to  as  the  mesotexture  or  grain  boundary  character  distribution11.  Although  the 
I  boundaries10  have  special  coincidence  structure,  they  do  not  necessarily  have  low  energies  in  the 
context  of  low-angle  boundaries  shown  in  Fig.  3  (which  are  often  denoted  El).  Only  the  coherent 
twin  boundary  (E3)  has  a  very  low  energy,  but  the  corresponding  ©  is  not  small  (it  is  70.5°  for  A  =  B 
=  ( 1 10)10).  The  ideal  grain  distribution  and  mesotexture  (or  E  frequency  distribution)  for  a  truly 
random  fee  material  are  illustrated  in  Fig.  7.  EBSD  analyses  are  usually  compared  with  these  fre¬ 
quency  distributions.  In  the  EBSD  analysis,  the  grain  boundaries  or  coincidence  lattices  are  tacitly 
assumed  to  be  perpendicular  to  the  specimen  plane.  This  is,  as  noted  in  Section  2.1,  probably  ex¬ 
actly  true  for  the  through-thickness  section  coincident  with  the  exfoliated  boundaries  (the  longitudi¬ 
nal  plane,  L,  in  Fig.  1(a)),  but  not  necessarily  for  the  other  directions  (or  orthogonal  sections  (Fig. 
1(a)). 


Specimens  for  EBSD  analysis  were  prepared  by  mounting  the  three  orthogonal  views  (two 
edge  and  one  surface  plane  as  shown  in  Fig.  1(a))  in  standard  cold  mounts,  and  then  polished  and 
etched  as  described  previously17.  Specimens  for  TEM  analysis  were  prepared  as  previously  de¬ 
scribed817  and  viewed  in  a  Hitachi  H-8000  analytical  transmission  electron  microscope  operated  at 
200  kV  accelerating  potential. 


Figure  7:  The  calculated  misorientation  (rotation  angle)  distribution  (a)  and  the  CSL10/special 
boundary  (E)  or  mesotexture  distribution  for  a  randomly  oriented  assembly  of  grains  (or  crystal 
lattices)  in  the  cubic  (fee)  system.  The  frequency  of  occurrence  is  denoted  f  (in  percent). 
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3.  RESULTS  AND  DISCUSSION 
3.1  EBSD  studies  of  exfoliated  2024  aluminum  aircraft  specimens 


Specimen  sections  representing  each  of  the  three  orthogonal  views  (Fig.  1(a))  for  exfoliated  sheet 
samples  in  2024  aluminum  alloy  from  KC-135  aircraft  body  skin  sections  were  examined  in  an  SEM 
in  the  ESBD  mode  by  TSL  Laboratories,  Provo,  Utah.  Single-grain  Kikuchi  patterns  illustrated  in 
Fig.  8(a)  were  utilized  in  developing  ODFs  and  frequency  distributions  for  each  of  these  sections, 
and  this  data  is  shown  for  comparison  in  Fig.  8(b)  to  (d).  This  data,  which  includes  essentially 
similar  pole  figures  and  distributions  for  other  orientations  not  shown,  illustrates  essentially  random 
grain  orientation  distributions  or  textures  for  each  of  the  three  orthogonal  sections  through  the  sheet 
specimens,  and  this  seems  rather  surprising  considering  the  aspect  ratio  variations  in  the  grains  (Fig. 
8(a))  but  it  points  up  the  fact  that  texture  irregularities  apparently  do  not  contribute  to  exfoliation. 
The  exfoliated  grain  boundaries  in  the  elongated  direction  in  the  sheet  thickness  do  not  exhibit  any 
obvious  mesotexture  either,  and  direct  examination  of  the  mesotexture  and  microtexture  associated 
with  actual  exfoliated  grains  did  not  exhibit  any  distinctive  features.  This  is  illustrated  in  Fig.  9. 
However,  there  is  a  shift  in  the  misorientation  histogram  in  Fig.  9(b)  in  contrast  to  the  in-plane 
analysis  shown  in  Fig.  9(c). 


3.2  TEM  Studies 

Figure  10(a)  shows  an  example  of  the  measurement  of  the  misorientation  angle  (0)  for  a  grain 
boundary  separating  two  identically  oriented  (110)  grains  corresponding  to  the  basic  geometric  and 
crystallographic  features  illustrated  in  Fig.  4.  Preliminary  distributions  of  these  (110)  boundary 
misorientations  are  shown  in  Fig.  10(b).  Figure  10(c)  shows  for  comparison  a  corresponding 
misorientation  distribution  histogram  for  (112),  while  Fig.  10(d)  shows  the  combined  measurements 
of  the  distribution  of  the  grain  boundary  asymmetry  angles,  (j).  The  data  in  Fig.  10(b)  and  (c)  show  a 
curious  bimodal  distribution  of  low-angle  and  high-angle  boundaries.  Since  two  different  orienta¬ 
tions  ((110)  and  (112))  show  the  same  trends,  there  is  a  compulsion  to  believe  that  this  trend  is  a 
valid  one  in  spite  of  the  dearth  of  measurements  which  is  a  stark  contrast  to  the  data  generated  in  the 
EBSD  analysis  (Fig.  8).  Moreover,  since  there  are  only  two  measurements  which  exceed  §  =  26°, 
these  trends  would  tend  to  reflect  interfacial  energy  regimes  implicit  in  the  histograms  of  Fig.  10(b) 
and  (c). 

Moreover,  if  this  trend  is  meaningful,  a  comparison  of  Fig.  8(b)  to  (d)  with  Fig.  10(b)  and  (c)  is 
indicative  of  the  fundamental  differences  in  measuring  “misorientations”  as  illustrated  in  Fig.  6. 
Nonetheless,  additional  measurements  at  least  in  the  plane  of  the  sheet  (Fig.  1(a))  for  identical  grain 
surface  orientations  ((110)  and  (112))  must  be  available  for  comparison  before  any  significance  can 
be  attributed  to  the  exfoliation  process.  It  should  be  noted  of  course  that  the  low-angle  boundaries 
noted  in  Fig.  10(b)  and  (c)  are  correspondingly  low  energy  boundaries  and  not  special  boundaries. 
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Figure  8:  SEM-generated  EBSD  data  for  2024  aluminum  alloy  aircraft  sheet  samples,  (a)  Recon¬ 
structed,  orthogonal  section  view  for  comparison  with  Fig.  1(a)  showing  contiguous  grain  Kikuchi 
patterns11.  The  inverse  pole  figure  insert  shows  a  grey-scale  key  for  the  grain  orientations  shown, 
(b)  Grain  misorientation  distribution  plot  for  in-plane  data,  with  pole  figure  insert  (top),  (c)  Experi¬ 
mental  E-boundary  (mesotexture)  frequency  plot  corresponding  to  (b).  (d)  E  (CSL)  boundary  fre¬ 
quency  distribution  in  longitudinal  plane.  The  correlated  curves  in  the  distribution  shown  are  the 
measured  distribution  while  the  uncorrelated  curves  show  the  distribution  determined  from  texture 
measurement  assuming  that  no  spatial  crystallite  orientation  correlation  exists. 
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Figure  9:  SEM-generated  EBSD  data  specific  to  exfoliation  cracks  shown  in  Fig.  1(b).  (a)  In  - 
thickness  (longitudinal)  elongated  grains  composing  exfoliated  segment,  (b)  Random  grain 
misorientation  distribution  plot  composed  from  EBSD  data,  (c)  In-plane  misorientation  histogram 
for  comparison  with  (b). 


3.3  A  model  for  exfoliation  corrosion 

In  the  absence  of  any  compelling  evidence  for  electrochemical  variations  (anodic  sites,  etc.)  at  the 
in-plane  grain  boundaries8,  and  the  absence  of  textures  or  other  orientation  effects  (including 
mesostructures)  as  illustrated  in  the  EBSD  data  (Figs.  8  and  9),  as  well  as  preliminary  TEM  data 
which  suggests  the  prospects  for  a  peculiar,  bimodal,  grain  boundary  energy  distribution  (Fig.  10),  a 
curious  dilema  exists.  There  seems  to  be  no  obvious  mechanism  for  nucleating  and  growing  exfolia¬ 
tion  cracks  except  for  the  wedging  action  of  the  corrosion  products!  It  is  not  well  understood  how 
boundary  precipitates,  such  as  they  are,  contribute  in  a  significant  way  to  exfoliation,  and  Fig.  10(a) 
demonstrates  that  there  is  little  morphological  distinction  between  matrix  precipitates  and  those 
observed  to  be  associated  with  the  elongated  grain  boundaries.  However,  there  must  be  some  simple 
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Figure  10:  TEM  measurements  of  misorientation  (0)  and  asymmetry  angle  (<())  distributions  in  the 
elongated  (longitudinal)  sheet  thickness,  (a)  Example  of  a  bright-field  TEM  grain  boundary  section 
(in  the  elongated  direction)  and  associated  SAD  patterns  (110).  (b)  Misorientation  distribution 
histogram  for  (110).  (c)  Misorientation  distribution  histogram  for  (112).  (d)  Asymmetry  angle 
distribution  for  both  (110)  and  (112)  orientations. 


thermodynamic  and  kinetic  features  connected  with  the  migration  of  oxygen  or  water  vapor  (or  both) 
to  the  crack  tip  to  form  AIO(OH)  and  AlOH  wedge  products9  It  is  possible  that  as  the  crack  tip 
advances,  new  surface  (on  the  grain  boundary)  could  be  further  embrittled  by  oxygen  or  H20  mo¬ 
lecular  dissociation  on  the  interface,  simultaneously  creating  a  corrosion  product  wedge,  and  advanc¬ 
ing  the  crack.  This  might  be  characterized  by  a  type  of  dynamic  embrittlement  which  has  been 
described  for  other  systems  which  crack  uncharacteristically18.  Figure  1 1  is  an  attempt  to  depict  such 
a  mechanism  schematically,  utilizing  the  concepts  developed  in  Section  2.  Figure  11  also  illustrates 
a  thick  corrosion  product  on  an  exfoliated  surface  in  the  SEM.  It  will  be  important  to  attempt  to  look 
more  critically  into  the  advancing  exfoliation  cracks  in  the  future  in  an  effort  to  observe  some  of 
these  features,  and  it  will  be  necessary  to  verify  more  quantitatively  the  implications  of  Fig.  10(b) 
and  (c).  If  may  be,  as  recently  demonstrated  by  Wei,  et  al19,  that  anodic  precipitates  can  themselves 
nucleate  corrosion,  and  this  further  complicates  the  process  because  there  is  obviously  a  role  played 
by  precipitates  in  nucleating  corrosion. 


Figure  11:  Dynamic  embrittlement  and  corrosion  product  wedging  model  for  exfoliation  in  2024 
aluminum  alloy  aircraft  sheet  which  incorporates  analytical  and  experimental  issues  presented  in  this 
paper.  The  SEM  insert  illustrates  the  typical  appearance  of  corrosion  product  on  exfoliated  surfaces. 


4.  SUMMARY  AND  CONCLUSIONS 

We  have  used  electron  backscatter  diffraction  in  the  scanning  electron  microscope  to  examine 
the  microtexture  and  mesotexture  in  each  of  the  three  orthogonal  planes  characterizing  (3D)  sections 
of  2024  aluminum  alloy  sheet  specimens  in  exfoliated  regions  of  KC-135  body  skin  samples.  Sur¬ 
prisingly,  these  comparative  measurements  and  plots  of  misorientation  and  £  distributions  for 
special  grain  boundaries  failed  to  illustrate  any  significant  anomalies  in  the  elongated  grain  boundary 
direction  in  the  sheet  thickness,  and  in  fact  pole  figure  diagrams  (and  inverse  pole  figure  diagrams) 
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illustrated  no  significant  textures  variations;  with  a  random  distribution  of  grain  orientations.  How¬ 
ever,  direct  measurements  of  simple  misorientations  of  identical  (110)  and  (112)  contiguous  grains 
composing  elongated  grain  boundaries  utilizing  transmission  electron  microscopy  and  selected-area 
electron  diffraction  techniques  revealed  a  consistent  bimodal  distribution,  and  misorientation  angles 
grouped  in  both  the  low-angle  and  high-angle  regimes;  corresponding  to  low  and  high-energy 
boundaries  respectively  as  illustrated  analytically  through  model  development  from  first  principles 
utilizing  a  Read-Shockley  dislocation  approach.  In  addition,  we  have  also  attempted  to  illustrate  the 
utility  and  relationship  implicit  in  various  special  representations,  especially  the  contrast  of 
misorientation  for  random  grains  and  identical  grains  characterizing  a  simple  rotation  about  a  mutu¬ 
ally  perpendicular  axis.  Asymmetries  associated  with  specific,  experimental  grain  boundary  traces 
were  measured  for  (110)  and  (112)  grain  surface  orientations  and  found  not  to  deviate  significantly 
from  a  range  of  angles  which  do  not  significantly  influence  the  grain  boundary  misorientation  (or 
specific  interfacial  free  energy).  While  the  results  are  rather  preliminary,  there  may  be  some  contri¬ 
butions  to  an  effective  grain  boundary  embrittlement  promoting  or  facilitating  exfoliation.  Corrosion 
product  formation  may  also  affect  embrittlement  and  create  crack-tip  stresses  to  propagate  cracks.  A 
simple  model  has  been  developed  which  attempts  to  illustrate  these  possible  features. 

Finally,  we  have  attempted  to  illustrate  the  utility  of  EBSD  analysis  in  evaluating  prospects 
for  microtexture  and  mesotexture  variations  which  may  contribute  to  corrosion  problems  in  sheet 
specimens.  Even  though  the  results  were  not  particularly  helpful  in  delineating  the  mechanisms  of 
exfoliation  in  2024  aluminum  alloy  sheet  from  an  KC-135  aircraft,  the  approach  may  have  potential 
in  other  related  aluminum  alloy  sheet  problems. 
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DISCUSSION 


Some  New  Approaches  to  Understanding  and  Characterizing 
Exfoliation  Corrosion  in  Aircraft  Aluminum  Alloy 


Speaker:  Murr 

Are  you  concluding,  based  on  your  work,  that  exfoliation  corrosion  is  not  influenced  by  grain 
boundary  chemistry?  — K.  Bhansali 

This  is  a  difficult  question  to  answer.  Based  on  our  current  work  on  2024  aluminum  from 
KC-135  aircraft,  we  have  not  found  any  compelling  grain  boundary  chemistry  issues  ( elemen¬ 
tal  excesses  or  deficiencies)  which  seem  to  contribute  to  exfoliation  nucleation.  In  other 
systems,  there  is  evidence,  but  the  process  or  mechanism  is  often  ambiguous. 
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Electrochemical  In-Situ  Sensors 
for  Detecting  Corrosion  on  Aging  Aircraft 
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Abstract 

An  in-situ  corrosion  sensor  capable  of  detecting  and  monitoring  corrosion  of  aircraft  or  other 
structures  from  the  earliest  stages  of  deterioration  has  been  developed.  Two  versions  are  avail¬ 
able:  a  permanent,  attached  sensor  and  a  hand-held,  portable  probe.  The  sensor  utilizes  electro¬ 
chemical  impedance  spectroscopy  (EIS),  an  established  technique  for  investigating  corrosion  and 
coating  degradation  during  immersion  in  electrolytes  in  the  laboratory.  Identical  results  were 
obtained  from  the  sensor  and  conventional,  remote  electrode  immersion  measurements.  The  sen¬ 
sor  extends  the  applicability  of  the  EIS  technique  to  arbitrary  painted  metal  structures  under  di¬ 
verse  conditions,  including  field  or  service  use  and  accelerated  testing.  Potential  applications 
include  corrosion  monitoring  of  critical  structures  to  enable  condition-based  maintenance  and 
direct  correlation  of  material  deterioration  during  accelerated  testing  and  use  in  the  field. 

Keywords:  corrosion,  sensor,  electrochemical  impedance  spectroscopy,  coating,  paint,  degrada¬ 
tion,  monitor,  condition-based  maintenance 

1.0  Introduction 

The  cost  of  corrosion  is  difficult  to  determine,  but  is  known  to  be  very  large.  Studies  by  the  Na¬ 
tional  Bureau  of  Standards  (NBS)  estimated  that  overall  corrosion  costs  in  the  United  States  are 
4.2%  of  the  Gross  National  Product  (GNP)'  or  $290  billion  in  1996.  Military  and  commercial 
aircraft  are  aging  and  projected  retirements  are  being  extended.  In  1993,  2660  Air  Force  planes, 
or  57%  of  the  fleet,  were  over  20  years  old.2  Some  military  transport  planes  are  expected  to  be 
flying  until  they  are  80  years  old.  It  is  estimated  that  corrosion  costs  are  $4  billion  annually  for 
military  aircraft  systems  and  $9  billion  for  commercial  and  private  aircraft.3 

The  cost  of  repairs,  maintenance,  and  replacement  is  a  direct  cost.  The  loss  of  lives  and  readi¬ 
ness  are  extremely  important  indirect  costs  which  cannot  be  assessed  in  dollar  amounts.  Ac¬ 
cording  to  Hoeppner,4  corrosion-related  accidents  resulted  in  1 1  fatalities  for  the  military  and  70 
fatalities  for  the  civilian  air  fleet  over  a  recent  17  year  period.  More  recently,  the  National 
Transportation  Safety  Board  concluded  that  undetected  corrosion  was  the  cause  of  a  commuter 
aircraft  crash  that  killed  ten  people  in  1995.  In  1997,  a  35-year  old  Russian  passenger  jet  broke 
apart  in  flight  with  50  deaths.  Early  reports  indicated  that  extensive  corrosion  was  responsible. 

One  means  to  prevent  catastrophic  failure  and  to  increase  the  lifetime  of  hardware  and  structures 
and  to  get  the  most  out  of  stretched  maintenance  budgets  is  to  track  corrosion  from  its  early 
stages  so  that  its  progression  can  be  monitored  and  predicted.  Consequently,  maintenance  could 
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be  performed  on  a  needs  basis  when  it  is  relatively  inexpensive  before  deterioration  becomes 
critical  and  expensive  remedial  action  is  needed.  The  maintenance  schedule  would  be  a  proac¬ 
tive  one  rather  than  one  that  reacts  to  failures. 

In  this  paper,  we  report  on  an  in-situ  corrosion  sensor  capable  of  detecting  coating  deterioration 
and  substrate  corrosion  underneath  a  paint  coating.5  Based  on  electrochemical  impedance  spec¬ 
troscopy  (EIS),  the  sensor  is  sensitive  to  early  stages  of  material  degradation  before  any  visual 
damage  is  present.  It  allows  quantification  of  deterioration  of  the  actual  structure  of  interest 
during  both  ambient  service  conditions  and  laboratory  accelerated  exposures.  Consequently,  it  is 
applicable  for 

•  Condition-based  maintenance 

•  Coating  development. 

Two  versions  of  the  in-situ  sensor  have  been  developed:  a  permanently  attached  sensor  and  a 
portable  hand-held  sensor.  The  former  is  suitable  for  corrosion  inspection  in  inaccessible  areas 
or  for  automatic  or  semi-automatic  inspection  of  a  particular  area.  The  hand-held  sensor  is  suit¬ 
able  for  spot  inspection  where  a  permanent  sensor  is  not  desired  or  had  not  been  previously 
placed. 

Electrochemical  impedance  spectroscopy  has  previously  been  used  to  detect  coating  degradation 
on  steels  and  other  metals  in  the  laboratory.6-*  Good  correlation  has  been  reported  between  short¬ 
term  EIS  measurements  and  long-term  coating  performance  during  immersion  in  different  elec¬ 
trolytes,  demonstrating  the  technique’s  predictive  capabilities.9-12  However,  these  applications 
involved  immersion  of  the  specimen  and  use  of  external  reference  and  counter  electrodes.  Al¬ 
though  limited  success  has  been  reported  on  the  use  of  flat  cells  or  similar  apparatus  for  detection 
of  corrosion  in  the  field,13-15  they  require  a  smooth,  flat  surface  to  obtain  a  seal  when  using  a  liq¬ 
uid  electrolyte  (Table  1).  Even  the  use  of  gels,  sponges,  and  other  solid  or  semisolid  electrolytes 
can  be  messy  and  require  access  to  the  location  being  inspected.  Such  cells  can  only  detect  cor¬ 
rosion  directly  under  the  electrolyte. 


Table  1.  Comparison  of  In-Situ  Corrosion  Probe  with  Conventional  EIS 


In-Situ  Corrosion  Probe 

•  Suitable  for  field  use  or  laboratory  test  chamber/ 
immersion 

•  Permanent  electrode  is  available  for  inaccessi¬ 
ble  regions 

•  Hand-held  sensor  is  available  for  structures/ 
areas  without  a  permanent  sensor 

•  Arbitrary  structure  configuration 

•  Easy  set-up/inspection 

•  Inspection  can  detect  corrosion  over  large  area 


Conventional  EIS 

•  Requires  immersion  or  clamp-on  liquid  cell 

•  Cell  requires  accessible,  fiat,  horizontal  area, 
messy  electrolyte,  and  remote  electrodes 

•  Set-up  is  time  consuming  and  must  be  per¬ 
formed  for  each  measurement 

•  Corrosion  is  detected  only  directly  under  cell 

•  Can  result  in  artifactual  degradation. 


The  in-situ  corrosion  sensor  offers  a  quantitative  measure  of  incipient  corrosion  in  the  field  un¬ 
like  other  corrosion  monitors  (Table  2).  The  first  field  corrosion  sensors  simply  measured  the 
time  of  wetness  of  a  surface  -  a  useful  parameter,  but  only  one  factor  controlling  corrosion.  An 
early  in-situ  sensor  provided  some  of  the  advantages  of  the  current  permanent  sensor,  but  re- 
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quired  vacuum  deposition  of  the  sensor  electrode  thus  restricting  it  to  small  test  panels  or  com¬ 
ponents.16'18  Other  sensors  determine  the  corrosion  rate  of  the  sensor  itself  using  coated  optical 
fibers,  mass  gain/loss,  or  electrochemical  measurements  on  witness  electrodes  that  are  part  of  the 
sensor  package.19,20  Because  of  differences  in  corrosion  susceptibility  of  the  witness  electrode 
material(s)  and  the  actual  structure  and  differences  in  the  microenvironment  of  the  sensor  and  the 
structure,  the  corrosion  rates  measured  by  the  witness  sensors  may  or  may  not  correlate  with  cor¬ 
rosion  rates  exhibited  by  the  structure  being  inspected.  Traditional  nondestructive  evaluation 
(radiography,  ultrasonics,  thermography)  has  required  extensive  structural  degradation  -  loss  of 
material,  blistering  delamination  of  paint,  coatings,  or  of  the  structure  itself.  In  some  cases,  these 
techniques  are  better  suited  for  detection  of  strain  or  cracks  (other  serious  problems)  instead  of 
corrosion.  As  such,  they  are  complementary  to  the  in-situ  corrosion  sensor.  Many  of  these  pro¬ 
cedures  either  require  sophisticated  equipment  or  highly  trained  personnel  or  do  not  measure  the 
corrosion  of  the  structure  of  interest.  In  the  case  of  x  rays,  significant  safety  issues  arise  with  the 
use  of  ionizing  radiation. 

Table  2.  Comparison  oiln-Situ  Corrosion  Probe  with  Other  Corrosion  Detection  Methods 

Other  Corrosion  Sensors 

•  Time  of  wetness  monitors 

•  Corrosion  of  sensor  itself 

•  Material  differences 

•  Environmental  differences 

•  Require  significant  loss  of  material 

•  Require  delamination  or  blistering 

The  in-situ  corrosion  probe  is  directly  applicable  to  detect  the  degree  of  coating  degradation  and 
the  amount  of  substrate  corrosion  of  real  structures.  Because  it  detects  the  very  early  stages  of 
corrosion,  it  provides  a  warning  before  structure  degradation  occurs.  Thus  preventative  mainte¬ 
nance  can  be  scheduled  in  time  to  forestall  corrosion  damage.  Alternatively,  by  detecting  corro¬ 
sion  from  the  very  early  stages  and  allowing  a  quantifiable  comparison  between  field  or  service 
degradation  and  that  observed  during  accelerated  testing,  the  sensor  should  be  valuable  during 
coating  development. 


tn-Situ  Corrosion  Probe 

•  Measures  corrosion  of  actual  structure 

•  Sensitive  to  early  stages  of  corrosion/degradation 

•  Very  sensitive  to  moisture  intrusion  into  bondline 

•  Relatively  inexpensive  instrumentation 

•  Monitors  electrochemical  process  (corrosion)  directly 


2.0  Experimental 

A  variety  of  different  paints  and  other  coatings  have  been  evaluated  primarily  on  aluminum,  al¬ 
though  steel  substrates  have  also  been  used.  Electrochemical  impedance  spectroscopy  measure¬ 
ments  were  made  using  the  substrate  as  the  working  electrode  and  the  sensor  as  both  the  counter 
and  reference  electrodes.  Most  of  the  data  were  acquired  using  a  EG&G  Princeton  Applied  Re¬ 
search  potentiostat  Model  273 with  an  EG&G  lock-in  amplifier  Model  5210  with  Model  398  ver¬ 
sion  1.10  software.  Potentiodynamic  polarization  measurements  (Model  352  SoftCorr  II  soft¬ 
ware)  were  also  obtained  to  determine  corrosion  rates  of  selected  samples.  The  remainder  of  the 
data  were  acquired  by  a  Gamry  Model  CMS  100/1 05/300  portable  corrosion  measurement  sys¬ 
tem.  This  unit  is  more  compact  than  traditional  bench-top  units  and  would  be  suitable  for  in¬ 
spection  in  the  field.  The  specimens  were  exposed  to  several  different  exposure  conditions. 
These  are  given  in  Table  3  along  with  relevant  instrumentation. 
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Table  3.  Exposure  Conditions 


1  Exposure  Conditions 

Equipment 

• 

Immersion 

•  EG&G  Model  K47  Corrosion  Cell 
.  EG&G  Model  K235  Flat  Cell 

• 

Humidity  (95-98%  RH,  50°C) 

•  Blue  M  Model  VP-1 00AT 

• 

Salt  Fog  (ASTMB117) 

•  Singleton  Corrosion  Test  Cabinet  Model  20 

• 

Refrigeration 

•  Whirlpool  EH  1 00  Freezer 

• 

Laboratory  Ambient 

•  none 

• 

Outdoor  Weathering 

•  none 

3.0  Results  and  Discussion 

To  establish  the  validity  of  the  in-situ  sensor,  EIS  measurements  were  made  with  the  sensor  and 
conventional  three-electrode  EIS  on  the  same  or  identical  specimens.  Figure  1  shows  that  the 
impedance  spectra  obtained  using  the  in-situ  sensor  and  the  conventional  three  remote  electrodes 
in  a  flat  cell  are  virtually  identical.  Similar  comparisons  have  been  obtained  with  other  coatings 
and  metals.  For  the  hand-held  sensor,  measurements  were  taken  on  painted  specimens  with  and 
without  a  scratch  to  simulate  a  defect  in  the  coating  (Figure  2).  Each  of  three  variations  of  the 
hand-held  probe  give  results  very  similar  to  the  conventional  three-electrode  measurements. 
Each  measurement  very  clearly  reflects  the  presence  of  a  gross  defect  such  as  a  scratch. 


Figure  I.  Impedance  spectra  of  painted  aluminum  specimen.  The  conventional  3-electrode 
measurements  using  a  flat  cell  and  measurements  using  the  attached  in-situ  corrosion  sensor  are 

virtually  identical 
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Figure  2.  Impedance  spectra  of  epoxy-polyimide  painted  aluminum  with  and  without  a 
scratched  defect.  The  different  curves  correspond  to  a  conventional  2-electrode  measurement 
and  measurements  made  using  3  different  hand-held  probes. 

EIS  and  the  in-situ  sensors  detect  much  more  subtle  degradation  than  a  scratch  that  exposes  bare 
metal.  Figure  3  shows  that  initially  the  coated  metal  demonstrates  capacitive  behavior  with  very 
high  impedance  at  low  frequencies.  As  the  coating  degrades  during  immersion,  its  resistance  de¬ 
creases  (as  modeled  in  an  equivalent  circuit)  and  the  impedance  become  independent  of  fre¬ 
quency  at  low  frequencies. 


Figure  3.  Impedance  spectra  of  painted  aluminum  as  a  function  of  immersion  time. 

The  low-frequency  response  can  be  tracked  as  a  function  of  exposure.  Figure  4  gives  the  near- 
DC  impedance  of  an  epoxy-coated  aluminum  immersed  in  hot  water  for  approximately  six 
months.21  The  data  clearly  show  corrosion  to  occur  in  three  stages  for  this  system: 

•  Uptake  of  moisture  by  the  coating 

•  Incubation  time  for  corrosion 

•  Substrate  corrosion. 
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Figure  4.  Near-DC  impedance  of  a  FM-123  epoxy-coated  aluminum  specimen  following  immer¬ 
sion  for  six  months  at  58°C. 

In  the  later  stage,  the  corrosion  products  erupted  through  the  epoxy  coating  and  allowed  the 
electrolyte  unimpeded  access  to  the  metal.  The  relative  times  and  impedance  decreases  for  the 
different  stages  will  depend  on  the  quality  and  chemistry  of  the  coating,  the  metal  underneath  and 
any  surface  treatment,  and  the  exposure  conditions.  For  example,  Figure  5  demonstrates  that  a 
waterborne  coating  is  not  as  effective  as  an  epoxy  polyimide  coating.  The  impedance  of  the  wa¬ 
terborne  coating  drops  approximately  one  order  of  magnitude  more  than  the  organic  solvent 
coating,  reflecting  the  greater  moisture  uptake.  Partially  as  a  result  of  the  increased  moisture 
concentration  at  the  interface,  the  incubation  period  is  shorter  and  active  corrosion  of  the  sub¬ 
strate  occurs  sooner. 
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Figure  5.  Near  DC  (low  frequency)  impedance  as  a  function  of  time  for  aluminum  specimens 
coated  with  either  an  epoxy  polyimide  or  a  waterborne  epoxy.  The  waterborne  coating  was 
clearly  less  effective  than  the  epoxy  polyimide.  The  coatings  were  immersed  in  water  at  room 
temperature  during  the  experiment  duration. 
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One  of  the  principal  advantages  of  the  in-situ  corrosion  sensor  is  its  ability  to  monitor  corrosion 
under  a  variety  of  conditions  in  addition  to  immersion  for  which  conventional  remote  electrode 
EIS  measurements  are  possible.  As  a  result,  material  degradation  in  accelerated  laboratory  con¬ 
ditions  can  be  directly  compared  to  degradation  occurring  in  the  field  or  under  different  condi¬ 
tions.  Figure  6  presents  sensor  results  for  identical  aluminum  panels  exposed  to  different  envi¬ 
ronments.  As  one  would  expect,  no  material  degradation  or  other  change  was  observed  in 
specimens  stored  in  a  refrigerator  or  inside  under  ambient  conditions.  The  specimen  kept  in  a 
humidity  chamber  (50°C,  98%  RH)  showed  a  steady  drop  in  impedance  until  the  coating  reached 
equilibrium  with  absorbed  moisture.  The  panel  exposed  near  a  busy  highway  in  Maryland  in 
winter/spring  show  little  degradation  during  mostly  dry  periods,  but  show  a  response  similar  to 
that  of  the  humidity  exposed  specimen  during  extended  periods  of  rain.  However,  this  decrease 
in  impedance,  representing  moisture  absorption,  is  largely  reversible  and  once  the  paint  dries,  the 
impedance  increases  to  near  the  original  value.  In  this  relatively  short  field  exposure,  we  cannot 
rule  out  a  small  permanent  impedance  decrease  that  might  reflect  the  beginning  of  irreversible 
damage.  However,  the  majority  of  the  changes  are  reversible  and  appear  to  mirror  changes  oc¬ 
curring  in  the  humidity  chamber,  but  at  a  much  slower  rate. 


Figure  6.  Near  DC  impedance  of  enamel  coated  aluminum  panels  exposed  to  different  environ¬ 
ments.  The  hand-held  probe  was  used  to  obtain  the  data. 

One  issue  concerning  the  validity  of  the  permanent  sensor  measurement  is  the  stability  of  the 
sensor  itself  during  long-term  or  aggressive  exposures.  If  the  sensor  electrode  corroded  or  oth¬ 
erwise  deteriorated  during  the  exposure,  the  measurements  might  be  indicative  of  the  sensor  and 
not  of  the  structure  of  interest.  Several  different  electrode  materials  were  evaluated  using  differ¬ 
ent  accelerated  testing,  including  exposure  to  salt  fog  for  more  than  1000  hours.  In  this  test,  the 
electrodes  showed  no  signs  of  loss  of  integrity  or  adhesion  to  the  specimen.  In  fact,  the  experi¬ 
ment  as  ended  after  the  glyptal  coating  used  to  protect  the  back  and  sides  of  the  specimens  began 
to  fail.  Validation  of  the  in-situ  sensor  was  achieved  by  the  similarity  of  measurements  taken 
under  a  variety  of  exposure  conditions  using  the  permanent  sensor,  conventional  remote- 
electrode  EIS,  and  the  hand-held  probe  which  is  not  exposed  to  the  aggressive  environments. 
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To  correlate  sensor  results  with  corrosion  rates,  polarization  resistance  measurements  were  taken 
in  conjunction  with  the  EIS  sensor  measurements  on  scribed,  painted  aluminum  panels  immersed 
in  water.  The  results  are  shown  in  Figure  7.  For  this  material  system  and  exposure  conditions, 
the  corrosion  rate  remains  very  low,  aside  from  a  quick  oxidation  of  the  scribed  area  during  the 
very  initial  exposure,  until  the  log-frequency  impedance  decreases  to  approximately  105  Q. 
However,  once  the  impedance  approaches  104  Q,  the  corrosion  rate  increases  dramatically.  A 
similar  correlation  was  obtained  using  ellipsometry,  the  oxide  film  in  the  scribed  region  re¬ 
mained  relatively  thin  until  the  third  stage  of  the  corrosion  behavior.  Subsequently,  the  thickness 
of  the  oxide  coating  increased  as  corrosion  products  were  formed. 


10  9  8  7  «  5  4 

Log  Low-Fraq  impedance  (O) 


Figure  7.  Left:  Low  frequency  impedance  and  instantaneous  corrosion  rate  as  functions  of 
immersion  time  for  epoxy  coated  aluminum.  The  sharp  initial  decrease  in  impedance  results 
from  the  scribe  which  has  the  effect  of  by-passing  the  moisture  absorption  stage  of  Figure  4. 
Right:  The  instantaneous  corrosion  rate  as  a  function  of  the  low  frequency  impedance. 

The  distance  from  which  the  in-situ  sensor  can  detect  corrosion  or  a  coating  defect  depends  on  a 
number  of  factors,  most  notably  the  surface  conductivity  of  the  coating.  As  a  result,  it  can  be 
controlled.  Under  appropriate  conditions,  the  in-situ  sensor  can  distinguish  between  good  and 
poor  areas  of  the  surface.  However,  increasing  the  surface  conductivity  of  the  specimen  can  sub¬ 
stantially  increase  the  detection  range  of  a  sensor.  This  effect  is  illustrated  in  Figure  8  and  Figure 
9.  The  current  path  from  the  sensor  to  the  substrate  will  vary,  depending  on  various  conditions. 

If  the  surface  resistance  is  very  high,  the  dominant  path  will  be  directly  across  (through)  the 
coating.  In  this  case,  detection  of  degradation  will  be  localized.  On  the  other  hand,  if  the  surface 
resistance  is  relatively  low,  the  current  can  proceed  along  the  surface  until  it  reaches  a  defect  or 
other  localized  region  of  low  coating  resistance.  If  an  equivalent  circuit  analysis  were  being  per¬ 
formed,  this  would  be  represented  by  an  additional  RC  branch.  As  a  result,  the  detection  area  of 
the  sensor  can  be  controlled.  If  a  wide  detection  range  is  desired,  for  example,  if  the  inspector 
wants  to  take  a  quick  look  to  see  if  any  corrosion  is  present,  wetting  the  surface  with  a  conduc¬ 
tive  fluid  will  allow  global  inspection  with  a  minimum  of  sensors.  On  the  other  hand,  if  it  is  de¬ 
sired  to  localize  the  degradation,  inspection  of  a  dry  surface  will  allow  the  area  of  deterioration  to 

be  pinpointed. 
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Figure  8.  Impedance  spectra  for  a  painted  aluminum  specimen  with  a  scratch  to  simulate  a 
coating  defect.  As  the  hand-held  sensor  was  moved  further  from  the  defect,  a  plateau  region  at 
intermediate  frequencies  appears  and  corresponds  to  a  conduction  path  along  the  surface.  The 
surface  was  wetted  with  a  conductive  fluid  for  these  tests. 


Figure  9.  Impedance  of  the  plateau  region  as  a  function  of  distance  of  the  sensor  from  the  de¬ 
fect.  The  surface  was  wetted  with  a  conductive  fluid  for  these  tests. 

A  field  demonstration  was  performed  to  illustrate  the  use  of  the  sensor  under  typical  depot  con¬ 
ditions  on  a  C- 135  aircraft  (Figure  10).  The  measurements  verify  that  EIS  measurements  can  be 
readily  obtained  from  different  areas  of  an  airplane  using  the  hand-held  sensor  in  a  depot.  No 
special  preparation  or  facilities  were  needed.  Furthermore,  the  sensor  could  readily  distinguish 
between  good  primer  and  deteriorated  primer,  which  exhibited  a  decrease  in  the  low-frequency 
dependence  of  at  least  two  orders  of  magnitude.  Measurements  on  other  aircraft  components 
showed  a  similar  correlation  between  the  EIS  signal  and  extent  of  corrosion  or  other  degradation 
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Figure  10.  (Left)  E1S  spectra  taken  from  three  areas  of  a  C-135  aircraft  at  Tinker  AFB.  (Right) 
Engineer  performing  measurements  with  hand-held  sensor. 

4.0  Summary  and  Conclusions 

An  in-situ  corrosion  sensor  has  been  developed  that  extends  the  applicability  of  electrochemical 
impedance  spectroscopy  (EIS)  to  monitor  material  degradation  beyond  laboratory  immersion 
studies.  Two  versions  of  the  sensor  are  available:  a  permanent  electrode  that  is  especially  suited 
for  inaccessible  areas  or  for  areas  for  which  a  corrosion  history  or  database  is  desired  and  a  port¬ 
able.  hand-held  electrode  that  is  especially  suited  for  areas  where  a  permanent  sensor  is  not  de¬ 
sired  for  aesthetics  or  other  reasons  or  where  only  a  one-time  measurement  is  needed.  Both  ver¬ 
sions  provide  EIS  measurements  identical  to  conventional  remote  electrode  procedures  when 
tested  in  immersion.  The  ability  of  the  in-situ  sensor  to  monitor  material  deterioration  from  the 
very  initial  stages  in  accelerated  tests,  such  as  salt  fog  or  humidity,  and  during  actual  field  service 
enables  two  applications:  1)  in-situ  corrosion  monitoring  of  critical  structures  to  allow  condi¬ 
tion-based  maintenance  and  reduce  the  likelihood  of  unforeseen  corrosion-induced  failure  and  2) 
enhanced  coating  development  with  the  quantitative  comparison  of  degradation  occurring  during 
accelerated  testing  and  system  service  use. 
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DISCUSSION 


Electrochemical  In-Situ  Sensors  for  Detecting  Corrosion  on  Aging  Aircraft 


Speaker:  Davis 

It  appears  you  do  not  need  an  electrolyte  in  order  to  carry  out  EIS  using  your  probe  unlike  the 
conventional  EIS.  What  electrolyte  do  you  use?  — K.  Bhausali 

The  measurements  can  be  taken  without  a  liquid  electrolyte.  The  paint  or  other  coating 
serves  as  the  electrolyte  between  the  substrate  and  the  sensor  electrode.  If  the  surface  is  wet 
or  if  the  specimen  is  immersed  in  a  solution,  that  liquid  acts  as  the  electrolyte  enables  a 
longer-range  detection  of  defects. 


153 


154 


Superconducting  Quantum  Interference  Devices  for  Nondestructive  Testing 

James  R.  Claycomb,  Nilesh  Tralshawala,  Hsiao-Mei  Cho,  Mike  Boyd  and 

John  H.  Miller  Jr. 

Texas  Center  for  Superconductivity  and  Department  of  Physics, 

University  of  Houston,  Houston,  TX.  77204-5932 


ABSTRACT 

We  report  on  the  development  of  a  Superconducting  Quantum  Interference  Device  (SQUID)  based  eddy 
current  corrosion  and  flaw  detection  system  utilizing  High  Temperature  Superconducting  (HTS)  and  p-metal 
shields.  Probes  incorporating  various  combinations  of  excitation  coil  geometries  and  cylindrical  magnetic 
shields  have  been  designed  and  tested.  Test  results  are  presented  for  SQUID-based  eddy  current  probes  as  well 
as  a  design  incorporating  a  fluxgate  magnetometer  with  a  ferromagnetic  flux-focuser.  We  discuss  how  the  phase 
of  the  defect  signal  can  be  used  to  determine  the  flaw’s  depth.  We  also  discuss  the  calculated  SQUID  response 
to  corrosion  induced  thinning  for  various  skin  depths  and  plate  thicknesses. 

Keywords:  SQUID,  high  temperature  superconductor,  magnetic  imaging,  eddy  current  imaging,  nondestructive 
testing,  corrosion 


1.  INTRODUCTION 

Superconducting  Quantum  Interference  Devices  (SQUIDs)  are  the  most  sensitive  detectors  of  low 
frequency  magnetic  fields  in  existence.  A  SQUID  is  a  superconducting  loop  containing  either  one  or  two  tunnel 
junctions,  or  weak  links,  known  as  Josephson  junctions  (JJs).1  When  a  sufficient  bias  current  is  applied  to  a  dc 
SQUID,  consisting  of  two  JJs  in  parallel,  a  measurable  voltage  arises  across  the  JJs,  and  its  value  is  a  periodic 
function  of  the  magnetic  flux  through  the  loop.  Usually  the  SQUID  is  operated  in  a  feedback  mode,  utilizing  a 
flux  locked  loop,  where  any  change  of  magnetic  field  in  the  SQUID  loop  is  canceled  by  a  feedback  current.  This 
feedback  current  is  then  monitored  through  an  output  resistor  where  changes  in  magnetic  field  as  small  as  10 
fT/Hzl/2  can  be  detected,  depending  on  the  quality  and  type  of  SQUID. 

The  various  types  of  SQUIDs  include  dc-  and  rf-SQUIDs  that  can  be  made  from  both  low-  and  high-Tc 
superconductors.  Whereas  the  dc  SQUID  utilizes  two  JJs,  the  rf-SQUID  contains  only  a  single  JJ  in  a 
superconducting  loop  which  is  coupled  inductively  to  a  tank  circuit.  Low-Tc  SQUIDs  (LTSQUIDs)  are 
generally  cooled  with  expensive  liquid  helium  using  elaborate,  and  expensive,  cryostats.  This  presents  a  major 
obstacle  to  their  widespread  use  for  practical  applications.  High-rc  SQUIDs  (HTSQUIDs),  on  the  other  hand, 
can  be  cooled  either  with  inexpensive  liquid  nitrogen  or  with  a  single-stage  closed-cycle  cryocooler  which 
requires  no  liquid  cryogen  at  all.  The  magnetic  sensors  employed  for  the  work  reported  here  are  directly- 
coupled  dc  HTSQUID  magnetometers,  consisting  of  patterned  YBa2Cu307  (YBCO)  thin  films  deposited  onto 
SrTi03  bicrystal  substrates.  The  HTSQUIDs  and  associated  electronics  were  obtained  commercially  from 
Conductus,  Inc.2  The  magnetic  sensors  are  cooled  using  compact  cylindrical  G-10  fiber  epoxy  dewars. 
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The  use  of  SQUID  magnetometers  to  locate  defects  in  conducting  materials  was  first  introduced  over  ten 
years  ago  by  H.  Weinstock3.  Since  then  several  groups  have  demonstrated  the  ability  of  SQUIDs  to  locate 
material  defects  for  a  wide  variety  of  electromagnetic  nondestructive  testing  (NDT)  applications  ’  .  The  chief 
advantage  of  using  SQUID  magnetometers  in  electromagnetic  NDT  is  that  the  unsurpassed  sensitivity  of  these 
devices  extends  to  very  low  frequencies  including  DC.  This  enables  a  greater  eddy  current  depth  penetration, 
hence  the  ability  to  detect  deeply  seated  flaws  that  are  out  of  the  range  of  conventional  eddy  current  inspection 
techniques. 

Although  SQUIDs  are  extremely  sensitive  magnetic  field  detectors,  operation  in  a  practical  NDT 
environment  is  hampered  by  the  presence  of  electromagnetic  interference  (EMI)  from  powerlines,  radio 
transmitters  and  the  Earth’s  magnetic  field.  Motion,  or  change  of  orientation,  in  the  Earth’s  magnetic  field  can 
cause  the  SQUID  electronics  to  reset,  resulting  in  erratic  readout  where  the  measured  voltage  is  no  longer 
proportional  to  the  applied  magnetic  field.  Large  electromagnetic  noise  sources  can  further  contaminate  signals 
of  interest  as  well  as  lead  to  reduced  sensitivity  of  the  entire  SQUID  measurement  system. 

The  superconducting  eddy  current  probes  that  we  have  developed  here  are  designed  to  be  operated 
outside  of  large  magnetically  shielded  enclosures6.  This  is  accomplished  by  surrounding  the  SQUID  with  an 
HTS  tube  to  screen  out  external  EMI.  Here  the  SQUID  is  located  at  one  end  of  the  HTS  tube  where  distant  noise 
sources  are  greatly  shielded.  The  presence  of  the  HTS  tube,  however  will  not  significantly  affect  the  magnetic 
field  produced  by  a  nearby  dipole  source  such  as  that  due  to  current  flow  around  a  material  defect  or  a  corrosion 
pit7. 


In  the  following  sections  we  discuss  some  of  the  theoretical  predictions  governing  the  detection  of 
cracks  and  corrosion  in  non-ferrous  metallic  structures.  We  then  follow  with  a  description  of  the  various  eddy 
current  probe  designs  optimized  by  our  finite  element  electromagnetic  modeling.  Next  we  discuss  the 
measurement  technique  and  present  the  results  of  defect  scans. 

2.  DEPTH  ANALYSIS 

In  this  section  we  illustrate  how  the  sign  of  the  quadrature-phase  and  the  in-phase  defect  response  is 
related  to  the  flaw’s  depth.  We  show  that  for  time  harmonic  excitations  the  eddy  current  density  at  0  and  90 
will  change  sign  at  certain  characteristic  depths  in  the  conducting  media.  In  general,  the  phase  of  the  defect 
response  will  be  roughly  that  of  the  eddy  current  density  flowing  at  the  depth  of  the  flaw.  In  this  way  the  flaw 
depth,  or  the  layer  in  which  the  flaw  resides  can  be  determined. 


H=H0e  1 
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Fig.  1  Time  harmonic  magnetic  field  produced  by  an  infinite  sheet  inducer  tangential  to  a  semi-infinite  half-space  of  conductivity  a. 
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The  simplest  example  is  the  eddy  current  density  produced  by  an  infinite  sheet  inducer  located  above 
and  parallel  to  a  semi-infinite  half-space  of  conductivity  a  (Fig.  1).  The  sheet  inducer  carries  a  time  harmonic 
current  flowing  in  the  x-direction.  This  current  produces  a  uniform  magnetic  field  H0  in  the  y  direction.  Inside 

the  conducting  medium  the  electric  and  magnetic  fields  obey  the  relation  V  x  h  =  crE  .  Taking  the  curl  of  this 

expression  and  substituting  V  x  e  =  -jn  a  H  results  in  a  diffusion  equation  for  the  magnetic  field  inside  the 
conducting  half-space 


V2H 


(1) 


where  is  the  electromagnetic  skin  depth  in  the  medium.  Solutions  to  (1)  are  of  the  form 

exp  ±  ^2  Jz  /  8  with  Hy  =  H0  and  0  at  z=0  and  <» ,  respectively.  Recalling  that  //  =  o +;)  /  -Ji ,  Hy  becomes 


-o+d4 

Hy  =  H0e  8 . 


(2) 


The  eddy  current  density  inside  the  conducting  plane  is  then  given  by  Jx=-d  Hy!  d  z  or, 


J,  =  H t 


(1  +  j) 


c°s(£)-,sin(T) 


z_ 
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From  this  expression  it  is  evident  that 

Re(yx)  oc  cos| 

and  that 


Im  (Jx) 


oc  cos 


(  z 
\8 


+  sin 


-sin 
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(4) 


(5) 


From  (4)  it  can  be  seen  that  the  real  part  of  Jx(z)  changes  sign  at  depths  of  z  =  (4n+3)7t8/4  and  from  (5)  the 
imaginary  part  of  the  eddy  current  changes  sign  when  z  =  (4n+l)7t8/4,  where  n=0,l,2... . 


From  this  analysis  we  expect  that  the  flaw  depth  can  be  estimated  by  monitoring  the  sign  of  the  in-phase 
and  quadrature-phase  SQUID  output.  For  more  complex  excitations  involving  circular,  solenoidal  and 
differential  coil  geometries  a  sign  change  in  the  real  and  imaginary  eddy  current  components  is  still  apparent, 
although  at  less  precisely  defined  levels8.  For  the  case  of  a  sheet  inducer  above  a  plate  of  finite  thickness  the 
eddy  current  density  is  antisymetric  about  the  midpoint  of  the  plate  at  any  phase  angle.9 


3.  CORROSION  DETECTION 
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Fig.2  Circular  excitation  coil  of  radius  r0  carrying  a  current  /  exp(jo)t)  a  height  /  above  a  conducting  plate  of  thickness  d. 
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For  the  case  of  a  circular  excitation  coil  located  above  a  conducting  plate  of  finite  thickness  (Fig  2)  we 
have  calculated  the  change  in  magnetic  field  detected  by  a  SQUID  magnetometer  at  the  center  of  the  drive  coil 
due  to  a  variation  of  plate  thickness  l0.  In  this  way  the  SQUID’s  response  to  corrosion  damage  can  be  estimated 
for  a  given  plate  thickness  d  and  amount  of  material  loss  due  to  corrosion  A d.  At  the  center  of  the  drive  coil  of 
radius  r0  and  lift-off  /  the  magnetic  field  due  solely  to  eddy  currents  in  the  conducting  plate  is  given  by 


Bz(d,5) 
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where  Jx  is  a  Bessel  function  of  the  first  kind  and  order  one,  5  is  the  skin  depth  in  the  plate  of  thickness  d  and 
a[(5)=(a2+2;/52)1/2 .  The  change  in  magnetic  field  due  to  corrosion  induced  material  thinning  A d  is  then  given 
by  A Bz  =  Bz(d+Ad,&)-  Bz(d,b). 

In  Fig.  3,  the  change  in  the  z-component  magnetic  field  (<j>=Q°  and  <j>=90°)  at  the  center  of  the  drive  coil 
due  to  a  thickness  change  of  1  mm  is  plotted  as  a  function  of  skin  depth  for  a  1  cm  and  a  2  cm  thick  plate.  In 
both  cases  the  maximum  0°  and  90°  response  occurs  for  a  value  of  skin  depth  on  the  order  of  the  plate  thickness, 
with  a  slightly  larger  0°  signature.  The  larger  0°  response  is  due  to  more  in-phase  eddy  current  flowing  at  the 
corrosion  depth. 

In  Fig.  4,  the  change  in  magnetic  field  is  plotted  as  a  function  of  the  amount  of  corrosion  in  a  1  cm  and  a 
2  cm  plate  with  8  equal  to  the  plate  thickness  (near  the  optimum  operating  frequency).  In  this  figure  the 
magnetic  response  is  seen  to  vary  linearly  with  the  amount  of  corrosion.  The  field  values  obtained  here  range 
here  from  100  fT  to  100  pT  for  a  coil  radius  and  lift-off  of  1  cm  and  a  1  mA  AC  current.  These  values  are  well 
within  the  range  of  a  SQUID  magnetometer,  but  are  beyond  the  measurement  capability  of  conventional 
magnetometers. 


Fig.  3  Change  in  magnetic  field  (4>=0°  and  <t>=90°)  at  the  center  of  an  excitation  coil  as  a  function  of  skin  depth  due  to  1  mm  of 
corrosion  in  a  conducting  plate:  a)  with  a  thickness  of  1  cm.  b)  with  a  thickness  of  2  cm. 
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Fig.  4  Change  in  magnetic  field  (<J>=0°  and  4>=90°)  at  the  center  of  an  excitation  coil  as  a  function  of  the  amount  of  corrosion  in  a 
conducting  plate:  a)  with  a  thickness  and  a  skin  depth  of  1  cm  b)  with  a  thickness  and  a  skin  depth  of  2  cm. 

4.  EDDY  CURRENT  PROBE  CHARACTERISTICS 

The  simplest  eddy  current  probe  design  consists  of  a  circular  loop  or  a  solenoid  that  carries  an  AC 
current,  inducing  eddy  currents  in  a  conducting  sample.  If  a  SQUID  sensor  is  positioned  on  the  axis  of  the 
solenoid  so  that  the  SQUID  pickup  loop  is  parallel  to  the  solenoid,  then  the  field  detected  will  be  that  due  to 
eddy  currents  in  the  test  sample  as  well  as  the  primary  field  of  the  solenoid.  In  this  configuration  the  primary 
excitation  field  (as  well  as  the  defect  free  eddy  current  field)  will  act  as  a  source  of  unwanted  signal,  possibly 
overwhelming  the  signature  of  the  flaw.  If,  on  the  other  hand,  the  axis  of  the  SQUID  pickup  loop  is  positioned 
on  and  normal  to  the  solenoid  axis,  then  the  field  detected  will  only  be  due  to  perturbations  in  the  eddy  current 
density  caused  by  material  defects  (or  edge  effects).  There  still  remains,  however,  other  environmental  noise 
factors  that  have  to  be  contended  with.  One  solution  is  to  position  two  SQUID  sensors  back  to  back  and 
electronically  subtract  their  outputs.  In  this  way  a  first  order  electronic  gradiometer  can  be  formed.  The 
sensitivity  of  each  SQUID  is  still  effected  by  environmental  noise,  however. 

In  order  to  shield  the  SQUID  from  the  primary  coil  as  well  as  other  sources  of  EMI  we  have  used 
various  combinations  of  p-metal  and  superconducting  magnetic  shields  inserted  between  the  drive  coil  and  the 
SQUID  sensor.  The  shielding  effectiveness  of  ferromagnetic  materials  suffers  at  low  frequencies.  Its  use  here  is 
primarily  to  focus  flux  into  the  object  under  test  (OUT).  The  shielding  factor  of  superconducting  materials  is 
essentially  frequency  independent  and  hence  provides  excellent  shielding,  even  at  DC6. 

In  order  to  model  the  electromagnetic  response  of  various  eddy  current  probe  designs  we  have 
performed  an  extensive  numerical  study  using  a  commercial  finite  element  code".  This  code  supports  a  time 
harmonic  eddy  current  solver.  The  numerical  method  here  involves  the  solution  of  a  diffusion  equation  for  the 

magnetic  vector  potential  given  by  V2  A  =  jco/ua  A .  This  equation  follows  from  the  substitution  of  M  H  =  V  x  A 
and  E  =  -jco  A  into  v  x  h  =  a  E  .  Once  the  vector  potential  is  solved  for,  the  eddy  current  density  is  then 

obtained  from  the  relation  Kddy  -  ~jo>aA  . 
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Our  modeling  verifies  that  a  tubular  superconducting  shield  will  be  more  effective  than  a  u-metal  shield 
in  screening  the  field  at  the  center  of  a  solenoidal  drive  coil12.  While  the  shielding  factor  is  higher  for  a 
superconducing  shield,  the  eddy  current  density  in  the  part  being  tested  becomes  drastically  reduced  due  to 
screening  current  flowing  in  the  superconducting  tube  that  oppose  the  drive  coil  field.  The  reduction  of  eddy 
current  in  the  OUT  will  result  in  a  smaller  defect  signal,  the  magnitude  of  which  is  proportional  to  the  current 
density  at  the  flaw  location. 

Ideally,  one  would  like  to  achieve  a  combination  of  reduced  field  at  the  location  of  the  SQUID  with  an 
enhancement  in  eddy  current  density  in  the  conducting  medium.  This  is  accomplished  with  a  combination  of 
HTS  and  p-metal  shielding  where  the  p-metal  shield  is  concentric  with  and  outside  of  the  superconducting 
shield.  Also,  placing  a  p-metal  shield  outside  of  the  drive  coil  further  serves  to  contain  any  stray  flux  and  to 
focus  the  eddy  current  into  a  tight  annulus  under  the  probe  . 

The  next  generation  of  probe  design  presented  here  incorporates  a  localized  sheet  inducer  in  conjunction 
with  an  HTS  tube.  If  the  axis  of  the  SQUID  pickup  loop  is  normal  to  an  infinite  sheet  inducer  there  will  be  no 
component  of  magnetic  field  perpendicular  to  the  SQUID  and  hence  no  output.  In  the  absence  of  defects  or 
material  edges  the  eddy  current  field  will  also  have  no  component  normal  to  the  SQUID.  For  a  sheet  inducer  of 
finite  width  the  SQUID  must  be  positioned  directly  over  the  half  width  point  in  order  to  have  a  null  response  in 
the  absence  of  defects.  The  sheet  inducer  can  either  be  placed  between  the  SQUID  and  the  OUT  or  on  the 
opposite  side  of  the  OUT.  Here  the  sheet  inducer  is  positioned  between  the  SQUID  and  the  OUT,  with  the  HTS 
tube  surrounding  the  SQUID  to  screen  EMI. 


5,  MEASUREMENTS 


5.1  Fluxgate  eddy  current  probe 

The  first  design  concept  tested  here  consists  of  a  fluxgate  magnetometer  at  the  center  of  a  solenoidal 
drive  coil  (Fig.  5).  A  p-metal  shield  is  inserted  between  the  drive  coil  and  the  fluxgate.  This  shield  serves  to 
increase  the  flux  density  inside  the  OUT  while  reducing  pickup  from  the  excitation  coil.  An  ac  current  is 
supplied  to  the  excitation  coil  with  a  signal  generator.  The  fluxgate  signal  is  output  to  the  lock-in  detector 
referenced  to  the  signal  generator.  Quadrature  and  in-phase  components  of  the  magnetic  field  are  then  recorded. 
The  fluxgate  operates  in  a  bandwidth  of  0-400  Hz  with  a  field  sensitivity  of  0.5  nT/Hz  and  is  therefore  well 
suited  for  low  frequency  flaw  detection. 

The  2D  quadrature-phase  magnetic  field  plot  in  Fig.  6  was  obtained  with  the  configuration  of  Fig.  5.  The 
excitation  coil  is  wound  on  a  p-metal  form  with  a  1”  diameter.  Since  the  fluxgate  has  a  diameter  of  6  mm  the 
probe  radius  can  be  reduced  considerably  to  increase  spatial  resolution.  The  sample  scanned  in  Fig.  6  consists  of 
a  1”  diameter  hole  drilled  in  the  second  layer  of  two  3  mm  thick  A16061-T6  plates.  Data  were  taken  by 
manually  scanning  the  sample  under  the  probe  and  by  manually  recording  0  and  90  readings  from  the  lock-in 
amplifier. 
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Lock-in  detector 


Fig.  5  Flaw  detection  system  incorporating  fluxgate  magnetometer  with  a  p-metal  shield/flux-focuser  inside  the  excitation  coil. 


Fig.  6  Magnetic  field  map  of  a  simulated  corrosion  pit  obtained  with  the  fluxgate  flaw  detection  system  in  Fig.  5.  Pit  consists  of  a  1 
cm  hole  drilled  into  the  second  layer  of  two  3  mm  thick  A1T6061-T6  plates. 
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5.2  SQUID-based  eddy  current  probe  with  High-Tc  tube  and  p-metal  flux-focuser 


The  next  design  concept  tested  here  incorporates  a  SQUID  magnetometer  in  conjunction  with  a  p-metal 
and  an  HTS  tube  (Fig.  7).  Eddy  currents  are  induced  in  the  OUT  by  a  circular  excitation  coil  which  is  wound  on 
a  p-metal  form  surrounding  an  HTS  tube.  The  probe  is  immersed  in  liquid  nitrogen  with  the  SQUID  located  at 
the  bottom  and  center  of  the  HTS  tube.  The  output  of  the  SQUID  is  fed  into  the  lock-in  detector  referenced  to 
the  signal  generator. 


Lock-in  detector 


Aluminum  sample  containing  flaws 


Fig.  7  SQUID-based  eddy  current  flaw  detection  system  incorporating  an  HTS  tube  and  a  p-metal  shield  surrounded  by  a  circular 
excitation  coil.  Here  the  SQUID,  HTS  tube,  p-metal  tube  and  excitation  coil  are  contained  in  a  liquid  nitrogen  cryostat  (not  shown). 

The  results  of  1-D  scans  are  shown  in  Fig.  8  with  the  superconducting  eddy  current  probe  design 
depicted  in  Fig.  7.  The  High-Tc  tube  has  an  OD  of  1”  and  an  ID  of  .75”.  The  tube  is  wrapped  in  3  layers  of  5  mil 
thick  p-metal  foil.  The  sample  consists  of  three  layers  of  5  mm  thick  aluminum  plates.  A  flaw  is  simulated  by 
joining  together  two  smaller  plates  at  an  edge,  and  is  used  at  different  depths.  The  flaw  is  scanned  at  13.73  Hz, 
87.73  Hz  and  207.3  Hz  .  These  frequencies  are  chosen  to  avoid  interference  with  the  powerline  harmonics.  In 
Fig.  8  (a)  the  flaw  is  located  at  the  top  of  the  sample.  The  central  dips  in  this  figure  corresponds  to  the  defect 
signatures.  Large  edge  effects  are  seen  here  at  the  sides.  In  Fig.  8  (b)  the  flaw  is  now  located  in  the  second  layer, 
under  5  mm  of  unflawed  aluminum.  For  the  two  higher  frequencies  the  defect  signature  is  no  longer  a  dip  but 
now  appears  as  a  bump.  This  sign  change  is  due  to  the  more  diffuse  pattern  of  eddy  current  flowing  in  the 
second  layer  as  well  as  a  larger  fraction  of  eddy  current  near  the  flaw  flowing  at  the  270  phase  angle.  For  the 
defect  scan  in  Fig  7  (c)  the  flaw  is  now  located  in  the  third  layer  under  two  layers  of  unflawed  aluminum.  At  an 
excitation  frequency  of  207.3  Hz  most  of  the  eddy  current  is  located  above  the  flaw  so  that  the  flaw  signature  is 
very  small  in  this  case.  At  13.73  Hz  the  eddy  current  is  widely  spread  out  through  the  sample  so  that  only  a 
small  fraction  of  eddy  current  is  perturbed  by  the  flaw.  The  largest  defect  signature  here  occurs  at  87.3  Hz  since 
in  this  case  the  largest  fraction  of  eddy  current  is  perturbed  by  the  flaw. 
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5.3  SQUID-based  eddy  current  probe  with  High-Tc  tube  and  planar  sheet  inducer 

The  third  probe  design  tested  here  consists  of  a  SQUID  inside  a  High-Tc  tube  centered  above  a  localized 
planar  sheet  inducer  (Fig.  9).  The  High-Tc  tube  in  this  case  serves  to  screen  ambient  EMI.  The  tube  ID  is  1.5” 
with  an  OD  of  1.7”.  The  sheet  inducer  is  patterned  on  a  2.5”  x  3”  printed  circuit  board  and  is  mounted  at  the 
bottom  of  the  liquid  nitrogen  dewar.  The  SQUID  is  positioned  directly  over  the  midpoint  of  the  sheet  inducer 
where  there  is  no  field  component  in  the  z-direction.  The  SQUID  will  therefore  have  a  null  output  at  this 
location  over  an  unflawed  test  piece.  The  sheet  inducer  is  supplied  with  an  ac  current  from  vertical  leads  along 
the  sides  of  the  cryostat.  The  vertical  current  leads  produce  no  field  in  the  z-direction  and  hence  do  not 
contribute  to  the  SQUID  output. 
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Fig.  9  SQUID-based  eddy  current  probe  design  incorporating  an  HTS  tube  and  a  localized  sheet  inducer.  The  SQUID  and  HTS  shield 
are  located  inside  a  liquid  nitrogen  dewar  (not  shown).  The  planar  sheet  inducer  is  attached  to  the  bottom  of  the  dewar. 

In  Fig.  10  the  quadrature-phase  SQUID  output  is  plotted  for  1-D  scans  across  a  2.5  cm  diameter  and  2 
mm  deep  machined  flaw,  simulating  corrosion  in  the  first  and  second  layer  of  5  mm  thickness  A16061-T6.  The 
defect  signature  at  d=  17  in  Fig.  10  shows  a  sign  change  between  the  top  and  the  second  layer.  The  dc  offset  here 
is  due  a  slight  imbalance  between  the  SQUID  and  the  sheet  inducer  as  well  as  the  sheet  inducer  and  the  sample. 
Note  that  the  sign  of  the  edge  effect  is  unaffected  in  either  case. 
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Fig.  10  Quadrature-phase  SQUID  output  resulting  from  1-D  scans  of  a  simulated  corrosion  pit  in  the  first  and  second  layers  of  5mm 
thick  A16061-T6  plates.  The  sheet  inducer  carries  a  harmonic  current  at  a  frequency  of  387  Hz.  The  defect  signatures  are  located  at  d 
=  17  with  a  phase  change  evident  between  the  surface  corrosion  and  second  layer  corrosion.  A  sharp  edge  effect  is  evident  at  d=  37. 

6.  CONCLUSION 

We  have  designed  and  tested  several  eddy  current  probes  utilizing  both  High-Tc  superconducting  and 
normal  components  for  corrosion  and  crack  detection  in  aircraft  structure.  The  normal  eddy  current  probe  design 
consists  of  a  fluxgate  magnetometer  and  a  p-metal  shield  with  a  solenoidal  excitation  coil.  The  SQUID-based 
eddy  current  probe  designs  utilizes  a  combination  of  High-Te  and  p-metal  shielding  to  screen  ambient  and  drive 
coil  EMI  and  to  produce  a  larger  eddy  current  density  inside  the  workpiece.  Finally  a  SQUID-based  probe 
incorporating  a  High-Tc  shield  and  a  planar  sheet  inducer  has  been  demonstrated.  All  probe  designs  are  based  on 
a  self  nulling  principle  where  the  probe  yields  a  null  or  minimal  response  in  the  absence  of  structural  anomalies. 
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Abstract 

Reported  here  are  analytical  and  experimental  results  on  the  effect  of  surface  roughness 
on  ultrasonic  guided  waves  in  plates.  The  roughness  models  pillowing  corrosion  in  aluminum. 
The  theoretical  model  is  constructed  by  assuming  the  roughness  degrades  only  the  signal 
phase.  The  effect  of  the  rough  surface  on  the  guided  wave  is  treated  by  decomposing  the 
wave  modes  into  their  constituent  partial  waves  and  considering  individually  the  effect  of  the 
roughness  on  the  partial  wave  components  as  they  reflect  from  the  plate  surfaces.  An  ap¬ 
proximate  dispersion  relation  is  derived  for  the  traction-free  rough  waveguide  that  is  formally 
identical  to  the  conventional  Lamb  wave  equation.  The  model  calculation  is  also  generalized 
to  fluid-immersed  plates  having  only  a  single  rough  surface.  In  addition,  many  experimen¬ 
tal  measurements  have  been  performed  on  guided  waves  in  plates  with  surface  roughness, 
and  the  experimental  data  are  critically  compared  to  theoretical  calculations.  Aluminum 
samples,  prepared  by  sandblasting,  are  measured  in  immersion.  The  model  is  shown  to  fail 
only  when  the  guided  wave  phase  velocity  approaches  the  compressional  or  shear  wavespeeds 
of  the  plate,  where  the  internal  partial  waves  strike  the  surfaces  at  grazing  incidence.  The 
simple  phase-screen  model  cannot  account  for  this  behavior.  Elsewhere  in  the  guided  wave 
spectrum,  agreement  is  quite  good. 

Keywords:  corrosion,  guided  waves,  phase-screen  approximation,  partial  wave  analysis 


INTRODUCTION 

Interaction  of  sound  waves  with  rough  surfaces  has  attracted  attention  owing  to  its  sig¬ 
nificance  in  several  fields.  Scattering  from  wavy  surfaces,  seabeds,  and  ice  in  ocean  acoustics 
has  been  extensively  studied,  as  has  scattering  in  rough  dielectric  waveguides,  such  as  optical 
fibers.  In  either  of  these  problems  the  fields  can  be  assumed  to  be  represented  by  a  single 
scalar  potential.  The  problem  we  consider  here  concerns  the  propagation  of  guided  elastic 
waves  in  a  planar  waveguide  having  rough  surfaces,  with  compressional  and  shear  potentials 
that  are  coupled  at  each  interface. 
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Most  of  the  treatments  of  the  this  problem  are  either  mean  field  integral  transform 
methods  [1]  or  perturbation  methods  [2]— [4] .  Those  which  are  accurate  under  a  broad  range 
of  conditions  also  typically  involve  complicated  calculations.  Those  that  are  easier  to  ma¬ 
nipulate  analytically  may  not  give  such  accurate  results  for  all  wave  components  or  in  all 
parameter  limits.  There  is,  however,  a  simple  approximate  result  for  scattering  from  a  ran¬ 
domly  rough  fluid-solid  interface  that  can  be  conveniently  expressed  as  a  product  of  the 
zeroeth  order  (smooth  surface)  reflection  coefficient  and  a  simple  function  dependent  on  the 
wavelength  and  the  roughness  parameters.  We  demonstrate  in  this  paper  that  this  approx¬ 
imate  expression,  introduced  by  Eckhart  [5],  is  entirely  sufficient  as  a  basis  from  which  to 
derive  an  initial  estimate  of  the  effect  of  rough  surfaces  in  guided  elastic  wave  propagation. 

The  phase-screen  approximation  (PSA)  ignores  any  amplitude  effects  of  the  scattering 
and  instead  considers  all  the  influence  of  the  rough  surface  to  be  felt  in  the  signal  phase. 
Strictly  speaking,  the  PSA  is  valid  only  in  the  Kirchhoff  limit,  when  both  the  rms  roughness 
height  h  and  the  fluid  wavelength  are  much  less  than  the  roughness  correlation  length  L 
( h,Xf  «  L ).  This  expression  has  also  been  derived  by  Nagy  and  Adler  [6}  from  the 
Kirchhoff  integral  and  has  been  discussed  by  Dacol  [7].  There  has  been  essentially  no  work, 
however,  on  the  effect  of  rough  surfaces  on  elastic  guided  waves  [4]. 


THEORETICAL  SUMMARY 

Guided  Lamb  wave  modes  can  be  decomposed  into  propagating  or  evanescent  compres- 
sional  and  shear  partial  waves.  To  derive  a  free  rough-surface  (RS)  plate  wave  dispersion 
relation,  we  exploit  the  transverse  resonance  method  [8],  which  naturally  incorporates  the 
partial  wave  reflection  coefficients  at  the  traction-free  guide  surfaces.  In  the  geometry  as¬ 
sumed  throughout,  the  center  of  the  infinite  plate  lies  at  the  origin,  the  guided  waves  propa¬ 
gate  in  the  xx  direction,  and  the  x3  direction  is  normal  to  the  plate  surface.  No  field  variable 
depends  on  ®2- 

The  secular  equation  of  the  homogeneous  system  of  linear  equations  is, 

1  =f  6  Tpp  eiKpd  ±  S  V„  eiK,d  -  X2e^+K‘)d 

— (e£  —  A2)  T^p  e’('tp+*')d  =  0  (1) 

where  the  ±  selects  the  symmetric  (upper  sign)  or  antisymmetric  (lower  sign)  guided  wave 
modes.  The  quantities  Ta6  (a  =  {p,  s},  6  =  {p,s})  are  the  solid-vacuum,  smooth- surface 
reflection  coefficients  for  an  incident  a-type  wave  and  reflected  6-type  wave,  where  p  refers 
to  compressions!  and  s  to  shear  waves.  The  relations  T44  =  —  Tpp  and  rp4T4p  =  (1  —  T^,)  [8] 
have  been  used  to  obtain  Eq.  (1).  The  plate  thickness  is  d  and  the  transverse  (x3-projection) 
wavevector  components  kp  (compressional)  and  Ka  (shear)  are  given  by  «P|4  =  {kps  —  £2)1/>2, 
respectively.  Here  fcPt4(=  u/VPiS )  are  the  compressional  and  shear  wavenumbers,  uj  is  the 
angular  frequency,  VPt,  are  the  two  pure  mode  wavespeeds,  and  £  is  the  wavenumber  of  the 
propagating  guided  wave. 
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The  PSA  contributions  are 


e  =  e-2'1'"?  6  =  e-2'*2"*  A  =  e-fc2(*p+**)2/2  _  (2) 

The  PSA  model  is  valid  only  for  propagating  partial  waves  with  real  kPiS,  but  in  this  treat¬ 
ment  we  truncate  the  PSA  to  avoid  negative  attenuation  for  evanescent  partial  waves.  This 
realization  implies  that  we  should  take  only  the  real  parts  of  kPiJ  in  the  expressions  for  e,  6, 
and  A.  For  most  practical  cases,  however,  this  restriction  is  not  important. 


Equation  (1)  is  the  dispersion  relation  for  a  RS  waveguide  using  the  PSA  scattering 
model  to  treat  the  effective  attenuation  of  partial  waves  as  they  interact  with  the  surface.  A 
further  simplification  is  possible  if  we  assume  that  the  shear  contribution  is  large  compared 
the  compressional  one.  For  materials  where  the  Poisson  ratio  is  greater  than  about  0.3  this 
approximation  is  reasonable,  since  the  RS  losses  scale  geometrically  as  («/i)2.  Then,  let  us 
take  A2  eS.  With  one  further  step  we  can  now  incorporate  the  terms  2 h2Kp  and  2 h2tz,  into 
effective  complex  thicknesses  dp  and  da,  whose  imaginary  parts  introduce  the  lossy  rough- 
surface  contribution.  Using  the  explicit  form  of  Tpp,  from  [8]  for  example,  Eq.  (1)  may  be 
expressed  as 


/  J.2  _  e>t2\2  f  COt(fCpdp/2) 

{  j  \tan(«pdp/2) 


+  4£2/c  pk, 


cot(/c,ds/2)  1  _  0 
tan(«,d,/2)  J 


(3) 


Equations  (3)  are  formally  identical  to  the  conventional  smooth-surface  symmetrical  (upper 
terms)  and  antisymmetrical  (lower  terms)  Lamb  wave  dispersion  relations,  but  with  complex 
thickness  parameters  given  by 


dp  —  d- f  2 iKph2 

d,  =  d  +  2iKsh2.  (4) 

If  the  rms  roughness  parameter  h  vanishes,  we  recover  the  ordinary  Lamb  wave  equations. 

By  way  of  example,  the  simple  dispersion  relation  in  Eq.  (3)  allows  us  to  estimate 
quickly  the  damping  of  a  100-kHz  So  Lamb  wave  mode  propagating  in  0.5-inch  thick  steel 
plate  having  a  rms  roughness  of  200  /xm.  We  obtain  a  value  of  5.4  dB/100-m,  and  a  value  of 
82  dB/100-m  for  the  same  conditions,  but  at  150  kHz.  Using  Eq.  (3)  this  estimate  required 
no  more  complication  than  that  of  solving  the  conventional  Lamb  wave  equation.  The  rapid 
increase  in  RS  loss  in  this  calculation  illustrates  the  significant  partial  wave  reconfiguration 
between  these  two  frequencies.  The  large  increase  in  transverse  partial  wave  motion  at  150 
kHz  accounts  for  the  majority  of  the  change  in  damping. 

A  comparison  of  the  solutions  of  the  two  equations  Eqs.  (1)  and  (3)  is  shown  in  Fig.  1  for 
the  Aa  mode.  The  real  part  of  the  solution  is  plotted  as  phase  velocity  in  the  lefthand  frame 
for  Eq.  (1)  (solid)  and  Eq.  (3)  (dashed);  the  imaginary  solution  is  plotted  as  normalized 
guided  wavenumber  £/&,  in  the  righthand  frame,  each  as  a  function  of  frequency  /.  If  the 
sample  had  a  smooth  surface  the  imaginary  solution  would  vanish  in  the  absence  of  other 
material  losses. 
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Figure  1:  Real  and  imaginary  parts  of  A*  antisymmetric  mode  in  a  2.3-mm  A1  plate  with 
Eq.  (1)  (solid  curve)  and  Eq.  (3)  (dashed  curve).  .Lefthand  frame  shows  phase  velocity,  almost 
the  same  as  the  conventional  Lamb  wave;  righthand  frame  shows  normalized  rough-surface 
damping  loss  $$(£)/ Jc,  for  the  two  approximations.  Inset  shows  experimental  geometry.  In¬ 
cident  angle  is  9,  and  x,  is  separation  of  transducer  central  rays. 

In  Fig.  1  the  real  RS  solution  changes  almost  not  at  all  from  the  smooth-surface  result. 
In  the  lower  frame  the  large  increase  in  imaginary  wavenumber  at  the  mode  cutoff  near  4 
MHz  is  explained  by  noting  that  near  cutoff,  both  the  partial  wavevectors  propagate  nearly 
normal  to  the  plate  surface,  implying  many  reflections  per  wavelength  and  leading  to  a  large 
increase  in  surface- induced  losses.  The  minimum  in  the  solid  curve  near  6  MHz  occurs  close 
to  the  compressional  critical  angle  f3p.  Near  this  branch  point  conversion  of  compressional  to 
shear  wave  energy  is  at  a  minimum,  and  therefore  the  lower  attenuation  of  the  compressional 
wave  dominates  at  this  point.  After  the  critical  angle  the  p  wave  eventually  ceases  to  be 
a  factor,  and  the  s-wave  damping  increases  as  /2.  At  even  higher  frequency,  the  s  partial 
wavevector  makes  progressively  larger  angles  with  the  plate  normal  as  it  approaches  its 
critical  value  ks,  and  the  partial  wave  interaction  with  the  rough  surface  is  predicted  to 
decrease.  The  dashed  approximation  of  Eq.  (3)  is  somewhat  less  accurate  as  either  critical 
angle  is  approached. 

The  rough  plate  reflection  coefficient  (RC)  is  constructed  from  the  halfspace  RS  re¬ 
flection  coefficients,  using  an  expression  derived  for  the  plate  RC  that  combines  halfspace 
scattering  coefficients  [9], 

R  —  Rh  +  [rp(rp/(l  -  r„)  +  T,jTps) 

+  Ts(rsf(l  —  Tpp )  +  TpfTap)\/ 

[(!  ~  tpp)(1  ~  r»)  “  TP*T»p]  »  (5) 

where  Rh  and  Tp  and  T,  are  the  joined  halfspace  reflection  and  compressional  and  shear 
transmission  coefficients  for  a  fluid-solid  interface.  The  term  in  Eq.  (5)  Tap  refers  to  the 
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following  RC  products, 


t»s  =  rZrU  +  r’J,rU  (6) 

with  a  =  {p,3}  and  i3  —  {/,  p,  3}  (/:  fluid),  as  before;  R!ag’  are  smooth-surface  reflection 
and  transmission  coefficients  on  solid-fluid  interfaces  I  and  II,  where  the  rough/smooth 
surface  terms  R  and  T  are  given  in  [10]. 


EXPERIMENTAL  TECHNIQUE 

Broadband  piezoelectric  piston  transducers  are  excited  with  tone  burst  rf  signals  50- ps 
in  length,  with  or  without  power  amplification.  The  acoustic  wave  generated  in  this  way 
interacts  with  the  plate  and  is  reradiated  into  the  fluid,  where  it  is  detected  by  a  second, 
nominally  identical  device.  This  detected  signal  is  amplified  and  either  envelope-detected  by 
an  rf  receiver  or  captured  on  a  digital  oscilloscope  for  analysis.  The  time-domain  signal  is 
Fourier  transformed  numerically  in  order  to  isolate  a  particular  frequency  component  from 
the  narrow,  but  finite  bandwidth  burst.  A  schematic  diagram  of  the  immersion  experimental 
setup  is  shown  in  the  inset  of  Fig.  1. 

Samples  for  this  study  have  been  fabricated  by  a  chaotic  bombardment  of  small  abrasive 
particles,  such  as  sandblasting.  All  samples  are  fabricated  from  2024  aluminum  (physical 
properties:  Vp  =  6.37  km/s,  V,  =  3.13  km/s,  p  =  2720  kg/m3).  These  samples  have 
been  selected  from  a  series  of  9-mm  thick  plates  used  in  a  previous  study  and  have  been 
independently  characterized.  Acoustic  scattering  studies  indicate  a  correlation  length  of 
between  500  pm  and  1000  pm,  which  is  typical  of  rough  surfaces  made  in  this  manner.  The 
only  significant  aspect  of  L  is  that  it  is  much  larger  than  the  rms  roughness  h.  Further 
experimental  details  can  be  found  elsewhere  [10]. 


RESULTS  AND  DISCUSSION 

To  interpret  the  data  one  additional  element  must  be  added  to  the  theoretical  results 
above,  a  transducer  voltage  calculation  [11].  In  order  to  isolate  the  effects  of  roughness  and 
provide  the  basis  of  a  reliable  inspection  method,  it  is  essential  to  eliminate  all  geometric 
influences  on  the  signal,  such  as  those  arising  from  diffraction  and  transducer  placement. 
The  voltage  calculation  allows  us  to  do  this,  and  all  subsequent  immersion  results  have  been 
calculated  by  incorporating  the  RS  reflection  coefficient  into  the  voltage  integral  expression, 
or  into  its  asymptotic  analytical  form. 

We  present  a  series  of  plots  for  which  the  roughness  is  on  the  lower  plate  surface  only 
to  emphasize  the  effect  of  the  roughness  on  the  guided  wave.  The  model  works  best  well 
away  from  critical  angles  where  partial  waves  make  grazing  incidence  on  the  plate  surfaces. 
In  the  following  plots  we  therefore  investigate  the  performance  of  the  model  under  three 
different  conditions:  well  below  the  compressional  critical  angle  (3P,  near  f3p,  and  well  above 
1 3P .  In  Fig.  2  with  an  incident  angle  of  20°  and  a  transducer  separation  of  x,  =  0  (see  inset 
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Figure  2:  Experimental  (solid)  and  theoretical  (dashed)  frequency  dependence  of  receiver 
voltage  for  smooth  (lefthand  frame)  and  lower  rough  (righthand  frame)  plate  surfaces  with 
h  =  26  fim,  Xi  =  0  mm,  and  incidence  at  20°. 

of  Fig.  1),  we  are  beyond  the  compressional  critical  angle,  and  only  shear  partial  waves  are 
propagating  in  the  plate.  For  this  circumstance,  we  expect  our  model  to  function  quite  well. 
With  zero  transducer  separation,  on  the  other  hand,  there  should  be  little  RS  contribution 
to  the  attenuation,  in  fact  at  any  incident  angle. 

In  this  and  each  of  the  following  cases,  the  lefthand  frame  shows  the  measurement  (solid 
curve)  and  theoretical  prediction  (dashed  curve)  for  a  smooth  plate  (0  pm  rms  roughness)  as 
a  function  of  frequency  from  2  to  12.5  MHz.  The  righthand  frame  shows  the  corresponding 
rough-surface  (26-//m  rms  roughness)  data  for  the  same  experimental  conditions.  The  regular 
oscillations  in  the  signal  mark  the  excitation  of  guided  wave  modes  of  varying  order  and 
symmetry  in  the  plate.  There  is  little  difference  between  the  two  frames  in  Fig.  2,  owing  to 
the  small  effective  signal  path  on  the  rough  surface.  Simple  plate  reflection  measurements 
cannot  probe  subtle  hidden-surface  roughness  with  high  sensitivity.  The  prediction  is  in 
good  agreement  with  the  data,  both  with  and  without  roughness,  confirming  the  accuracy  of 
the  receiver  voltage  model  as  expressed  in  [11].  To  obtain  a  closer  fit  to  the  data,  the  theory 
curves  have  all  been  calculated  for  a  rms  roughness  of  28  fi m.  This  disparity  is  explained 
below. 

In  Fig.  3  the  transducer  separation  X{  =  20  mm  is  now  sufficient  to  remove  almost  all 
directly  reflected  rays  (except  at  the  very  lowest  frequencies)  from  the  received  signal.  Here, 
the  peaks  mark  the  guided  wave  excitations,  and  the  effect  of  the  roughness  is  pronounced. 
At  low  frequency  there  is  almost  no  difference  between  the  two  frames,  growing  to  about  8  dB 
difference  at  8  MHz,  and  almost  complete  signal  loss  above  12  MHz.  This  strong  frequency 
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Figure  3:  Experimental  (solid)  and  theoretical  (dashed)  frequency  dependence  of  receiver 
voltage  for  smooth  (lefthand  frame)  and  lower  rough  (righthand  frame)  plate  surfaces  with 
h  =  26  fj.m,  Xi  =  20  mm,  and  incidence  at  20°. 

behavior  is  to  be  expected,  since  the  losses  are  climbing  as  exp (/2).  Again,  the  agreement 
between  prediction  and  measurement  is  quite  good  in  both  frames. 

At  incidence  near  the  compressional  and  shear  critical  angles,  grazing  incidence  behavior 
of  the  partial  waves  renders  the  model  less  accurate.  Data  in  Fig.  4  taken  at  15°  for  a 
transducer  separation  of  xt  =  20  mm  show  this  effect.  The  smooth  surface  data  in  the 
lefthand  frame  are  well  modeled  in  the  calculation,  but  the  experimental  curve  lies  well 
below  the  prediction  for  the  RS  plate  in  the  righthand  frame.  By  8  MHz  the  predicted  peak 
is  about  three  times  as  large  as  the  measurement.  The  model  assumptions  are  not  valid 
when  the  partial  waves  strike  the  plate  surfaces  at  nearly  90°  from  the  normal.  Furthermore, 
since  the  transit  path  across  the  plate  for  grazing  partial  waves  is  long,  the  predicted  RS 
loss  vanishes  at  this  point,  leading  to  the  substantial  underestimate  of  the  damping  seen  in 
Fig.  4. 

In  these  calculations  there  are  no  adjustable  parameters,  only  the  geometrical  variables 
and  the  rms  roughness  height  h.  However,  since  our  samples  have  been  sectioned  from  a 
larger  piece  of  material,  we  have  found  that  the  best  comparison  with  the  data  is  achieved  by 
assuming  a  slightly  different  rms  roughness  (A.  =  28  /mi)  for  the  coarser  of  the  two  specimens. 
We  have  made  no  further  attempt  to  perfect  the  comparisons,  and  predictions  reported  here 
for  the  sandblasted  plates  have  been  calculated  with  the  13-/xm  or  28-/im  estimates. 

In  Fig.  5  are  shown  the  collected  data  and  predictions  for  the  A3  guided  wave  mode 
in  the  26-/im  plate  as  a  function  of  angle.  The  experimental  points  are  obtained  from  the 
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Figure  4:  Experimental  (solid)  and  theoretical  (dashed)  frequency  dependence  of  receiver 
voltage  for  smooth  (lefthand  frame)  and  lower  rough  (righthand  frame)  plate  surfaces  with 
h  =  26  n m,  Xi  —  20  mm,  but  incidence  at  15°,  near  compressional  critical  angle. 

spectra  (such  as  Figs.  2  to  4)  by  estimating  the  voltage  amplitude  ratio  for  the  smooth 
and  rough  surface  at  the  frequency  of  the  A3  mode  occurrence.  A  typical  experimental 
uncertainty,  consisting  of  run-to-run  variation  at  different  sample  positions,  is  illustrated  by 
the  error  bar.  The  electronic  noise  is  very  small  and  not  a  factor.  Any  disparity  between 
prediction  and  measurement  is  likely  caused  by  systematic  error.  The  solid  curve  in  Fig.  5 
is  the  prediction  for  the  same  conditions. 
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DISCUSSION 


Hidden  Corrosion  Detection  Using  Guided  Plate  Waves 
Modeled  as  Surface  Roughness 


Speaker:  Chimenti 

Does  this  methodology  apply  to  the  case  of  discrete  defects  such  as  pitting  corrosion?  — R. 

P.  Wei 

The  waveguide  surfaces  are  modeled  in  our  calculation  as  randomly  rough  with  a  Gaussian 
distribution  of  surface  height,  a  smal  average  roughness,  and  alarge  correlation  length. 
Therefore,  the  calculation  applies  to  surfaces  that  have  a  small  amount  of  roughness  every¬ 
where.  Pitting  corrosion,  insofar  as  it  is  a  discrete  defect  or  collection  of  defects,  differs  from 
this  assumption  in  several  critical  ways.  Another  model,  aimed  more  at  discrete  scattering, 
would  be  called  for  in  this  case. 


I  am  wondering  if  other  mechanisms  might  compete  with  the  effect  of  surface  roughness, 
because  energy  is  converted  from  coherent  to  an  incoherent  form  and  real  quantities  become 
complex.  I  am  thinking  of  the  effect  of  damping.  If  such  other  effects  are  important  would  it 
be  possible  to  calibrate  such  effects  out?  — J.  D.  Achenbach 

Yes,  there  are  other  competing  mechanisms  of  wave  energy  loss.  These  are  radiation  damp¬ 
ing  (leaky  waves),  material  damping,  and  diffraction.  It  has  been  our  objective  in  this  work 
to  establish  an  understanding  of  the  phenomenology  of  wave  guide  losses  from  surface 
roughness.  Therefore,  we  chose  to  make  measurements  in  water-coupled  geometry,  but  in 
aluminum.  The  wave  leakage  does  indeed  have  many  of  the  same  dependencies  as  the  sur¬ 
face  roughness  loss  and  understandably  so,  since  both  mechanisms  depend  on  out-of-plane 
displacements  at  the  plate  surfaces.  Material  damping  ,  on  the  other  hand,  plays  a  relatively 
minor  role  by  comparison,  especially  in  aluminum.  Beam  diffraction  is  modeled  theoretically, 
but  we  are  aided  by  the  fact  that  all  experiments  are  performed  with  the  same  transducers  in 
the  same  geometry.  Other  effects,  however,  such  as  a  plate  thickness  differences  (1-2  %),  are 
even  more  influential,  and  these  must  be  normalized  out  of  the  results  to  enable  critical 
comparisons  among  samples  with  different  roughness. 

The  major  competing  factor  in  our  study,  however,  is  the  leaky  wave.  In  an  industrial  real¬ 
ization  of  the  technology,  wave  coupling  would  be  achieved  by  other  means,  and  this  element 
would  not  be  present. 
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ABSTRACT 

In  the  first  part  of  the  paper  a  neural  network  with  an  analog  output  is  presented  to  estimate  the  crack-depth 
from  ultrasonic  signals  backscattered  from  an  inclined  surface- breaking  crack  in  an  aluminum  plate.  The  network 
has  only  one  response  unit  and  this  unit  directly  reports  the  crack  depth  as  an  analog  value  from  the  measured 
signals.  A  completely  synthetic  data  set,  spot-checked  by  comparison  with  experimental  results,  is  utilized  for  the 
training  of  the  network.  The  synthetic  data  set  is  obtained  by  solving  the  boundary  integral  equations  governing 
the  crack  scattering  problem  by  the  boundary  element  method.  In  the  second  part  the  same  problem  is  addressed 
by  using  a  fuzzy  reasoning  method  based  on  principal  component  analysis.  This  method  is  able  to  characterize  the 
waveforms  and  interpolate  the  data  stored  in  the  knowledge  base,  and  absorb  the  error  between  the  numerical 
analysis  and  the  experimental  results  by  adjusting  the  shapes  of  the  membership  functions.  The  method  was 
applied  to  the  crack  depth  evaluation  for  perpendicular  cracks  and  inclined  cracks.  The  synthetic  data  and  the 
experimental  data  were  used  to  estimate  crack  lengths  with  high  accuracy. 

Keywords:  ultrasonics,  estimation,  crack  depth,  neural  network,  fuzzy  reasoning 

INTRODUCTION 

For  many  purposes  of  nondestructive  inspection  the  knowledge  that  a  crack  larger  than  a  certain  length 
does  not  exist  in  a  structure,  because  it  has  not  been  detected  with,  say,  an  ultrasonic  test  that  operates  with  a 
known  probability  of  detection,  provides  sufficient  information  from  the  point  of  view  of  structural  safety.  As 
more  and  more  sensitive  sensors  are  being  used,  and  as  cracks  longer  than  minimally  detectable  ones  may  be 
permissible,  the  interest  has  shifted  beyond  detection,  which  would  not  be  a  source  of  difficulty,  to  quantitative 
characterization  with  regard  to  orientation  and  size.  This  paper  is  concerned  with  sizing  of  surface  breaking  cracks 
by  the  use  of  artificial  neural  networks. 

Over  the  last  decade  one  of  the  most  significant  advances  in  nondestructive  evaluation  has  been  the 
evolution  of  NDE  from  a  conglomeration  of  empirical  techniques  to  a  well  defined  field  of  interdisciplinary  science 
and  engineering.  In  the  course  of  this  development  it  has  become  well  recognized  that  a  fundamental  approach  to 
NDE  must  be  based  on  quantitative  models  of  the  measurement  processes  of  the  various  inspection  techniques.  A 
model’s  principal  purpose  is  to  predict,  from  first  principles,  the  measurement  system’s  response  to  specific 
anomalies  in  a  given  material  or  structure,  (e.g.  cracks,  voids,  distributed  damage,  corrosion,  deviations  in 
material  properties  from  specifications,  and  others).  Thus,  a  measurement  model  includes  the  configuration  of 
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probe  and  component  being  inspected  as  well  as  a  description  of  the  generation,  propagation  and  reception  of  the 
interrogating  energy.  In  the  ultrasonic  case,  this  description  requires  computations  of  the  transducer  radiation 
pattern,  refraction  of  the  beam  at  the  part’s  surface,  the  beam  profile  and  the  propagation  characteristics  in  the  host 
material  including  effects  of  material  anisotropy,  attenuation,  diffraction  losses,  etc.  Detailed  modeling  of  the 
field-flaw  interactions  which  generate  the  measurement  system’s  response  function  are  also  included,  as  well  as 
information  of  material  and  other  conditions  that  produce  noise  and  add  an  uncertainty  to  the  measurement  results. 
A  well  constructed  measurement  model  should  be  able  to  predict  specific  instrumental  responses  to  anomalies  in 
complex  materials  and  structures  as  well  as  to  “standard”  flaws  placed  in  various  calibration  blocks. 

A  number  of  measurement  models  have  been  formulated  in  the  past  several  years  for  different  inspection 
techniques.  For  practical  applications,  the  challenge  lies  in  making  approximations  that  permit  the  computations  to 
be  tractable  while  retaining  sufficient  accuracy  so  that  the  engineering  applications  are  not  compromised. 

The  availability  of  a  measurement  model  has  many  benefits.  Numerical  results  based  on  a  reliable  model 
are  very  helpful  in  the  design  and  optimization  of  efficient  testing  configurations.  A  good  model  is  also 
indispensable  in  the  interpretation  of  experimental  data  and  the  recognition  of  characteristic  signal  features.  The 
relative  ease  of  parametrical  studies  based  on  a  measurement  model  facilitates  an  assessment  of  the  probability  of 
detection  of  anomalies.  A  measurement  model  is  a  virtual  requirement  for  the  development  of  an  inverse  technique 
based  on  quantitative  data.  Last,  but  not  least,  a  measurement  model  whose  accuracy  has  been  tested  by 
comparison  with  experimental  data  provides  a  practical  way  of  generating  a  training  set  for  a  neural  network  or  a 
knowledge  base  for  an  expert  system.  Measurement  models  for  ultrasonic  techniques  have  been  discussed  in 
some  detail  elsewhere1. 

In  this  paper  we  will  concentrate  on  an  essential  component  of  a  measurement  model  for  quantitative 
ultrasonics,  namely,  the  modeling  of  the  interaction  of  ultrasound  with  a  defect 

For  certain  problems  of  flaw  detection  and  sizing,  it  is  to  be  expected  that  the  volume  of  the  data  will  be 
large  and  that  it  will  be  difficult  to  discriminate  between  signals  generated  by  flaws  and  harmless  sources.  As  a 
consequence  a  human  operator  will  not  be  effective  in  extracting  relevant  information  for  decision  making 
purposes  from  an  overwhelming  flow  of  data.  Artificial  neural  networks  can  play  a  major  role  in  the  recognition 
of  sets  of  data  that  are  related  to  damage  or  failure  phenomena  in  the  component  of  structure  that  is  being 
monitored. 

Artificial  neural  networks  must,  however,  be  applied  in  an  intelligent  manner  A  brute  force  application  of 
a  neural  network  will  require  a  very  large  set  of  training  data  (usually  not  available)  and  a  large  computer,  and  then 
might  still  not  give  very  satisfactory  results. 

The  approach  that  is  advocated  here  combines  a  thorough  understanding  of  the  physics  behind  the  signals 
that  are  to  be  detected  with  a  measurement  model  of  the  signal  generation,  signal  detection  and  signal  processing. 
The  role  of  a  neural  network  in  the  proposed  system  is  shown  in  Fig.  1. 

This  paper  is  concerned  with  the  use  of  an  artificial  neural  network  to  determine  the  depth  of  a  surface- 
breaking  crack  from  backscattering  data.  It  is  based  on  the  papers  by  Takadoya,  et  al.2'3  and  Ogi.  et  al.4. 

SIMULATED  DATA 

In  the  neural  network  strategy  of  this  paper,  a  numerical  analysis  based  on  two-dimensional  elastic  wave 
theory  is  carried  out  to  create  the  training  data  set  for  the  network.  The  boundary  element  method  (BEM)  has  been 
used  extensively  to  solve  two-dimensional  wave  scattering  problems.  Only  scattering  by  surface-braking  cracks  is 
considered  in  this  study. 
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Figure  1.  Identification  system  based  on  neural  networks. 


First  the  crack  opening  displacement  (COD)  is  calculated  using  the  BEM,  and  then  the  far-field 
displacements  are  determined  by  substituting  the  COD  results  into  an  integral  representation.  Although  time- 
domain  techniques  are  available,  these  methods  are  usually  complicated  and  the  computational  procedures  are  very 
time  consuming.  Therefore,  in  this  paper,  scattered  wave  results  are  First  calculated  for  an  harmonic  incident  wave 
and  the  results  for  a  pulse-like  incident  wave  are  obtained  with  the  help  of  the  Fast  Fourier  transform.  The 
numerical  results  for  the  far-field  displacements  in  both  the  time-  and  frequency-domains  have  been  used  for 
neural  network  training  and  testing. 

In  the  present  applications,  a  surface-breaking  crack  in  a  half-space  is  considered.  Since  the  detailed 
treatment  of  this  problem  can  be  found  in  a  paper  by  Zhang  and  Achenbach5,  details  of  the  analysis  will  not  be 
given. 


( 1 )  Perpendicular  Crack  (2)  Inclined  Crack 

Figure  2.  Waveform  data  for  the  perpendicular  and  the  inclined  cracks. 
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The  integral  representation  for  the  scattered  field  may  be  expressed  in  terms  of  integrals  over  the 
boundaries  of  the  half-space  Ts  and  the  crack  surface  rc: 


u’c(xp)  =  Jr  a°pY(x;xp)u^cn0ds(x)  + Jf  c^(x;xp)Auan3ds(x) ,  xp  €  T(=  Ts  +  TC) 


(1) 


This  representation  is  used  to  obtain  boundary  integral  equations  for  the  crack-opening  displacement  Aua  in  the 
frequency  domain.  In  Eq.  (1),  <7^  is  the  full-space  Green’s  stress  tensor,  and  u“  is  the  scattered  displacement 

field.  Once  the  solution  for  Au0  on  Tc  has  been  obtained  by  solving  the  boundary  integral  equations,  with  an 
appropriate  treatment  of  the  singularities  in  the  equation  and  the  use  of  crack  tip  elements,  the  scattered  far- field  is 
expressed  in  terms  of  a  half-space  integral  representation  as 

u“(xp)  =  Jrj  5jY(x;xp)Auanpds(x) ,  xp  £  Tc  (2) 


where  now  is  the  far  field  approximation  to  the  Green’s  stress  tensor  of  the  half-space.  In  this 
representation,  the  scattered  field  is  related  only  to  the  crack  opening  displacement  and  not  to  the  displacement  on 
the  free  boundary  of  the  half-space. 

In  the  sequel  we  define  H^(co)as  the  displacement  component  normal  to  the  top  face  of  the  plate 

H^(co)  =  u“(xp,m)  (3) 

Theoretical  results  for  a  perpendicular  and  an  inclined  crack  are  shown  in  Fig.  2. 

EXPERIMENTAL  CONFIGURATION 

An  experimental  configuration  of  a  surface-breaking  crack  of  depth  a  in  a  steel  plate  of  thickness  h  has 
been  used.  The  plate  is  immersed  in  a  water  bath  as  shown  in  Fig.  3.  Ultrasound  is  generated  by  an  immersed 


Figure  3.  Crack  types  and  experimental  conditions. 
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piezoelectric  transducer.  The  angle  of  incidence  with  the  normal  to  the  insonified  top  face  of  the  plate  exceeds  the 
critical  angle,  and  the  incident  ultrasonic  beam  is  therefore  primarily  converted  into  a  beam  of  transversely 
polarized  ultrasound  in  the  plate.  Measured  back-scattered  signals  for  some  crack  depths  have  been  used  to  check 
the  synthetic  training  data  while  experimental  data  for  other  crack  depths  have  been  used  as  input  to  verify  the 
performance  of  the  neural  network. 

In  the  frequency  domain  the  experimentally  obtained  transducer  output  of  the  back-scattered  signal  may  be 
expressed  as 

Yexp(Q))  =  T0HwHbHwsHe^HswHwTr.  (4) 

The  response  functions  in  this  expression  represent  the  effects  of 

T0(co):  transducer  output,  H^co):  water  path, 

Hb(co):  beam  spreading,  H^co):  water  -»  solid  interface, 

H^Cco):  solid  water  interface,  Tr(co):  transducer  reception. 


and 


H^(co) :  interaction  with  crack  in  solid. 

For  the  corresponding  theoretical  results,  the  expression  is  exactly  the  same  except  for  the  response  of  the  crack: 
Yw«o)  =  T0H.H„H.,H^:H„H.Tr.  (5) 

In  Eq.  (5),  H^(co)  represents  the  interaction  of  the  incident  wave  with  the  crack  as  calculated  by  the  boundary 
element  method  (BEM). 

To  cancel  the  response  functions  except  the  term  of  H^(to)  in  Eq.  (5),  the  signal  for  a  comer  reflection 
is  introduced  as  the  reference  signal.  For  the  same  transducer  angle,  the  same  water  paths,  and  the  same  specimen 
but  with  a  rectangular  comer,  this  reference  comer  signal  can  be  written  as 

(6) 

where  HCOf(co)  represents  the  comer  reflections  in  the  solid.  No  mode  conversion  occurs  for  the  angle  of  incidence 
of  45°.  The  formal  deconvolution  of  the  experimental  signal  of  Eq.  (4)  by  the  reference  signal  of  Eq.  (6)  yields 

Ye»p(Q>)  =  H£t(Q»  (7) 

Xref(co)  Hcor(co)  ' 

As  the  term  HC0r(ca)  be  calculated  analytically,  Eq.  (7)  may  be  directly  compared  with  the  theoretically  calculated 
interaction,  H^.  To  get  better  agreement,  theoretical  data  have  been  modified  by  the  use  of  a  correction  factor, 
determined  by  comparison  of  theoretical  and  experimental  results. 
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trainig  data  -  for  learning 


teaching 
signal 


Figure  4.  Neural  network  structure,  learning  and  evaluation  procedures. 

NEURAL  NETWORK 

A  schematic  architecture  of  an  analog  output  type  neural  network  is  shown  in  Fig.  4.  The  network  is  a 
standard  three-layered  feedforward  network,  which  has  101-units  in  the  input  layer,  2-units  in  the  hidden  layer 
and  one  unit  in  the  output  layer.  The  unit  in  the  output  layer  direcdy  reports  the  crack  depth  as  an  analog  value. 
The  number  of  units  in  the  hidden  layer  was  determined  after  some  trial  studies.  The  transfer  function  is  the 
dominant  characteristic  of  a  unit,  because  the  relationship  between  inputs  and  outputs  at  any  instant  is  specified  by 
this  function.  The  sum  of  the  weighted  inputs  becomes  the  input  to  the  transfer  function  which  then  specifies  the 
output  from  the  unit  Here  the  sigmoid  function  is  utilized  as  a  transfer  function.  As  for  the  learning  algorithm, 
an  error-backpropagation  is  used. 

Table  1.  Convergence  check  of  the  neural  network. 


Input :  waveforms  for  crack 
deoth  of  (mm) 

0.80 

1.00 

1.20 

1.40 

1.60 

1.80 

2.00 

2.20 

2.40 

2.60 

2.80 

3.00 

0.82 

0.98 

1.20 

1.41 

1.61 

1.83 

1.92 

2.20 

2.39 

2.59 

2.83 

3.00 
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For  a  crack  inclined  under  an  angle  of  30°,  the  training  data  were  prepared  by  digitizing  the  waveforms  of 
the  synthetic  data.  Then,  these  data  were  normalized  by  the  maximum  value  of  the  waveforms,  which  was 
obtained  from  a  crack  of  3.00mm  depth.  The  actual  crack  depths  were  normalized  to  (0,1)  and  utilized  as  teaching 
signals.  Table  1  summarizes  the  convergence  check  of  the  network  when  the  same  waveform  used  for  training 
was  entered  again  into  the  trained  network.  The  training  required  fourteen  thousand  iterations. 

Table  2.  Network  performance  for  inputs  of  synthetic  data. 


Input :  waveforms  fear  crack 
depth  of  (mm) 

0.90 

1.10 

1.30 

1.50 

1.70 

1.90 

2.10 

2.30 

2.50 

2.70 

2.90 

Igagi^^ 

0.90 

1.09 

1.31 

1.49 

1.75 

1.88 

2.02 

2.34 

2.46 

2.70 

2.95 

Table  2  summarizes  the  network  performance  for  synthetic  data  different  from  the  data  used  for  training. 

A  total  of  eleven  waveforms  for  crack  depths  ranging  from  0.9mm  to  2.90mm  with  equal  increments  of  0.2mm 
crack  depth  were  used  as  input  data.  For  example,  for  the  input  of  a  synthetic  waveform  for  a  crack  depth  of 
2.9mm,  the  network  reports  a  crack  depth  of  2.95mm.  Since  the  mean  average  error  is  1.38%,  it  can  be  stated  that 
the  network  is  able  to  estimate  synthetic  data  not  used  in  the  training  process  almost  precisely. 

Table  3.  Network  performance  for  inputs  of  experimental  data. 


Input :  waveforms  for  crack 
depth  of  (mm) 

1.190 

1.558 

2.318 

2.778 

1.08 

1.56 

2.37 

2.58 

Our  primary  interest  is  focused  on  verifying  the  performance  of  the  network  for  experimentally  measured 
signals.  Table  3  lists  the  network  performance  for  inputs  of  measured  signals.  For  the  inputs  of  measured 
waveforms  for  cracks  of  1.190mm,  1.558mm,  2.318mm  and  2.778mm,  the  network  estimates  the  crack  depths 
as  1.08mm.  1.56mm,  2.37mm,  and  2.58mm,  respectively.  The  maximum  error  of  9.2%  occurs  in  the  estimation 
of  the  smallest  crack  depth.  For  the  other  three  cases,  the  accuracy  of  the  estimation  is  quite  good.  The  estimation 
errors  are  respectively  0.13%,  2.24%  and  7.12%  for  cracks  of  1.558mm,  2.318mm  and  2.778  mm  depth.  The 
analog  output  type  network  provides  very  satisfactory  estimates  of  the  depth  of  the  inclined  cracks. 

FUZZY  REASONING 

Figure  5  shows  the  block  diagram  of  a  fuzzy  reasoning  method  based  on  principal  component  analysis.  In 
this  method,  waveform  data  calculated  by  numerical  analysis  are  not  used  directly  to  build  a  knowledge  base,  but 
are  pre-processed  using  principal  component  analysis.  The  knowledge  base  is  constructed  of  fuzzy  rules  using 
principal  components.  The  measured  data  are  also  pre-processed  using  principal  component  analysis  and  are 
transmitted  to  the  inference  engine.  The  output  value  of  the  inference  engine  is  determined  using  the  mechanism 
of  fuzzy  reasoning.  In  this  process,  principal  component  analysis  functions  effectively  to  characterize  waveform 
data.  The  fuzzy  reasoning  works  to  interpolate  the  data  and  to  absorb  the  error  between  numerical  analysis  and 
experimental  results. 

Waveform  data  for  various  kinds  of  defects  were  calculated  by  numerical  analysis  to  construct  the 
knowledge  base.  However,  waveforms  are  expressed  by  a  large  amount  of  data.  It  is  difficult  to  build  the  rule 
base  directly  from  the  waveform  data.  Therefore,  the  waveform  data  were  pre-processed  using  principal 
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Figure  5.  A  block  diagram  of  the  fuzzy  reasoning  method  based  on  principal  component  analysis. 

component  analysis.  Principal  component  analysis  is  an  analytical  technique  by  which  the  number  of  variables 
can  be  decreased  with  little  information  loss.  The  generated  principal  components  are  expressed  by  linear 

equations  using  the  original  variables.  For  example,  when  the  original  variables  are  x,,x2 . xm,  the  principal 

components  z,,z2,...,z„  are  expressed  as  follows: 

Zj = &  / 1*1  ^1 2*2  ®  Infim 

Z2 — a22Xj  ^22*2  ^  2nAm 


z„=anIxI+an2x2+...anmxn  .  to; 

The  original  variables  x„x2,...,xm  are  sampled  from  the  waveform  data,  and  the  number  of  variables  is  decreased 
from  m  to  n.  A  cumulative  contribution  rate  in  the  principal  component  analysis  was  set  to  0.99.  The  generated 
principal  components  are  expected  to  characterize  the  waveforms. 

The  knowledge  base  was  constructed  of  fuzzy  rules  using  the  principal  components  of  the  numerical 
analysis  data.  For  example,  if  the  value  of  the  first  principal  component  z,  is  6.5  when  the  crack  depth  is  1.6mm, 
the  fuzzy  rule  is  expressed  as  follows: 

IF  the  first  principal  component  is  about  6.5, 

THEN  the  crack  depth  is  about  1.6mm. 

With  this  rule,  a  flexible  degree  of  reasoning  is  achieved,  since  the  value  of  “ about  6.5”  and  “ about  1.6mm  ’  are 
expressed  by  the  fuzzy  sets. 

The  fuzzy  sets  are  defined  by  the  membership  functions.  Figure  6  shows  the  typical  shapes  of  the 
membership  functions  used  in  the  fuzzy  rules.  The  membership  functions  indicate  the  degree  to  which  the 
variables  satisfy  the  propositions  of  the  fuzzy  sets  and  are  expressed  by  isosceles  triangles  in  this  rule.  Figure  6 
shows  that  when  the  crack  depths  are  1.4mm,  1.6mm  and  1.8mm,  the  values  of  the  principal  component  are  5._. 
6.5  and  7.4  respectively.  The  interval  of  the  calculated  crack  depths  is  t,  and  the  intervals  of  the  principal 
component  values  are  dt  and  d,.  As  for  the  “IF’  part,  the  base  of  the  isosceles  triangle  takes  the  longer  length  of  j 
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Figure  6.  Typical  shapes  of  the  membership  functions  used  in  the  fuzzy  rules. 

the  neighboring  intervals  d,  and  d2.  As  for  the  “THEN”  part,  the  length  of  the  base  is  the  interval  of  the  crack 
depth.  Since  the  fuzzy  sets  have  vague  values,  the  fuzzy  rules  function  when  the  input  data  are  close  to  the  fuzzy 
values  in  the  “IF’  parts.  Therefore,  these  rules  interpolate  the  wave  data  stored  in  the  knowledge  base. 

IF  Part  THEN  Fart 
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Fuzzy  reasoning  is  performed  using  these  fuzzy  rules.  Figure  7  shows  the  mechanism  of  the  fuzzy  reasoning 
method.  When  the  value  of  the  principal  component  is  inputted  into  the  “IF’  part,  the  degree  that  the  condition  in 
the  “IF’  part  is  satisfied  is  determined.  According  to  the  degree,  the  value  of  the  “THEN”  part  is  determined.  In 
the  ordinary  fuzzy  reasoning  method,  the  output  from  each  rule  is  simply  added  and  the  total  output  value  is 
determined  by  the  center  of  gravity.  However,  in  the  fuzzy  reasoning  method  based  on  principal 
component  analysis,  the  output  from  each  rule  is  scaled  to  the  value  of  the  contribution  rate  of  the  principal 
component  before  determining  the  total  output  value.  In  Figure  7,  the  output  values  from  these  rules  are  scaled  to 
c,  and  c2  respectively  and  added  to  determine  the  total  output  value,  since  the  contribution  rates  of  the  first 
principal  component  and  the  second  principal  component  are  c,  and  c2.  Therefore,  each  rule  has  a  weight 
according  to  the  contribution  rate  of  the  principal  component. 

The  fuzzy  reasoning  method  based  on  principal  component  analysis  was  applied  to  the  evaluation  of  a 
surface-breaking  crack  in  a  steel  plate.  Two  cases  of  the  crack  types  were  considered.  In  the  first  case,  the  crack 
was  perpendicular  to  the  surface  of  the  plate.  In  the  second  case,  the  crack  was  inclined  30  degrees  with  the 
vertical.  Figure  4  shows  the  crack  types  and  the  experimental  conditions.  The  steel  plate  was  immersed  in  water. 
The  depth  a  of  the  surface-breaking  crack  was  quantitatively  evaluated  from  the  information  in  the  back  scattered 
ultrasonic  signal.  In  each  case,  both  the  numerical  analysis  data  and  the  experimental  data  were  evaluated. 

The  numerical  analysis  data  were  evaluated  to  verify  the  ability  to  interpolate  the  data  stored  in  the 
knowledge  base.  To  construct  a  knowledge  base,  waveform  data  generated  by  the  interaction  with  cracks  of 
various  depths  were  calculated  using  the  boundary  element  method.  In  the  case  of  a  perpendicular  crack,  the 
numerical  analysis  data  for  crack  depths  from  0.6mm  to  2.4mm  with  increments  of  0.2mm  were  calculated  and 
used  to  construct  the  knowledge  base.  The  numerical  data  from  0.8mm  to  3.0mm  crack  depths  with  increments  of 
0.2mm  were  used  for  the  inclined  crack.  Figure  2  shows  the  calculated  waveform  data  in  the  frequency  domain 
for  each  crack  type.  100  data  points  were  sampled  from  the  waveform  data  and  pre-processed  using  the  principal 
component  analysis.  As  a  result,  the  number  of  variables  was  decreased  from  100  to  6.  The  fuzzy  rule  base  was 
constructed  using  the  principal  components. 

Table  4.  Results  of  the  evaluation  for  the  numerical  analysis  data. 


(1)  Perpendicular  Crack  Depth 


Crack  Depth 

0.70 

0.90 

1.10 

1.30 

1.50 

1.70 

1.90 

2.10 

2.30 

Evaluation 

0.77 

0.83 

1.12 

1.30 

1.51 

1.70 

1.89 

2.11 

2.28 

Average  Error  =  0.022  (mm) 


(2)  Inclined  Crack  Depth 


Crack  Depth 

0.90 

1.10 

1.30 

1.50 

1.70 

1.90 

2.10 

2.30 

2.50 

2.70 

2.90 

Evaluation 

0.92 

1.10 

1.30 

1.50 

1.69 

1.90 

2.10 

2.30 

2.50 

2.70 

2.89 

Average  Error  =  0.004  (mm) 


The  numerical  data  which  were  not  used  for  the  construction  of  the  knowledge  base  were  then  evaluated. 
For  the  case  of  a  perpendicular  crack,  waveform  data  for  crack  depths  from  0.7mm  to  2.3mm  with  increments  of 
0.2mm  were  evaluated.  For  the  case  of  the  inclined  crack,  the  waveform  data  from  0.9mm  to  2.9mm  with 
increments  of  0.2mm  were  evaluated.  Table  4  shows  the  results  of  the  evaluation.  The  average  error  was 
0.022mm  for  the  perpendicular  crack  and  0.004mm  for  the  inclined  crack.  When  a  neural  network  was  used,  the 
average  errors  were  0.038mm  and  0.028mm,  respectively.  It  is  clear  that  the  fuzzy  reasoning  method  based  on 
principal  component  analysis  interpolates  the  waveform  data  stored  in  the  knowledge  base  and  evaluates  the  crack 
depth  with  high  accuracy. 
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Next,  the  method  was  applied  to  the  evaluation  of  the  experimental  data.  The  knowledge  base  constructed 
with  the  numerical  data  was  used  to  evaluate  the  experimentally  measured  data.  Four  sets  of  experimental  data 
were  evaluated  for  each  case.  The  perpendicular  cracks  had  the  following  depths:  0.67mm,  1.05mm,  1.49mm, 
and  2.19mm  and  the  inclined  cracks  had  depths  of  1.19mm,  1.56mm,  2.32mm,  and  2.78mm.  In  general,  there  is 
an  inevitable  error  between  the  experimental  data  and  the  numerical  data  which  depends  on  the  modeling  in  the 
numerical  analysis  and  the  variance  of  the  experimental  conditions. 

In  this  study,  the  variations  of  the  evaluation  errors  caused  by  the  change  of  the  shapes  of  the  membership 
functions  were  examined.  The  modulus  of  the  membership  function  which  indicates  the  expansion  rate  of  the 
base  length  of  the  membership  function  in  the  “IF’  part  was  changed  as  discussed  elsewhere4.  The  average  error 
of  the  perpendicular  crack  was  minimum  when  the  modulus  of  the  membership  function  was  1.7,  and  the  average 
error  of  the  inclined  crack  was  minimum  when  the  modulus  of  the  membership  function  was  2.3.  These  results 
demonstrate  that  this  method  is  able  to  absorb  the  error  between  the  numerical  analysis  and  the  experimental 
results  by  adjusting  the  shapes  of  the  membership  functions. 

Table  5  shows  the  results  of  the  evaluation  when  the  modulus  of  membership  function  was  adjusted  so 
that  the  average  error  was  minimal.  For  the  perpendicular  crack,  the  average  error  was  0.075mm,  and  for  the 
inclined  crack,  it  was  0.084mm.  When  the  neural  network  was  used,  these  errors  were  0.078mm  and  0.091mm 
respectively.  Thus  the  fuzzy  reasoning  method  was  able  to  evaluate  the  experimental  data  accurately. 

Table  5.  Results  of  the  evaluation  for  the  experimental  data. 


(1)  Perpendicular  Crack  Depth 


Crack  Depth 

0.67 

1.05 

1.49 

2.19 

Evaluation 

0.78 

1.12 

1.46 

2.10 

Average  Error  = 

0.075  (mm) 

(2)  Inclined  Crack  Depth 

Crack  Depth 

1.19 

1.56 

2.32 

2.78 

Evaluation 

1.11 

1.71 

2.36 

2.84 

Average  Error  = 

0.084  (mm) 

CONCLUSION 

Depth  estimation  of  inclined  surface-breaking  cracks  in  an  aluminum  plate  has  been  investigated  by  using  a 
neural  network  with  and  without  fuzzy  reasoning,  ultrasonic  measurements  and  a  theoretical  analysis  based  on 
elastodynamic  theory.  The  trained  networks  estimate  the  depth  of  perependicular  and  inclined  cracks  from 
measured  data  within  an  acceptable  error  range. 
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DISCUSSION 


The  Application  of  Neural  Networks  to  Defect  Sizing 


Speaker:  Achenbach 

How  did  you  get  input  for  crack  depth?  — Glenn  Light 

The  cracks  were  two-dimensional,  i.e.,  the  crack  depths  could  be  determined  from  the  posi¬ 
tions  of  the  crack  tips  on  the  sides  of  the  specimens.  This  was  particularly  easy  for  the  in¬ 
clined  cracks,  which  were  EDM  notches.  For  the  perpendicular  cracks  the  depths  were  also 
estimated  from  the  observation  of  crack  tip  diffraction. 


Do  principal  components  of  the  Fuzzy  Logic  correspond  to  physical  parameters?  — Glen 
Light 

The  principal  components  used  in  this  work  do  not  specifically  correspond  to  physical  quan¬ 
tities  or  parameters.  I  would  expect  that  the  best  results  would  be  obtained  for  principal 
components  that  have  physical  significance. 


Did  you  try  different  shapes  of  membership  functions?  If  you  allow  different  shapes,  you  get 
one  more  parameter  to  change,  and  you  may  be  able  to  get  an  even  better  fit.  — Vladik 
Kreinovich 

No,  we  did  not.  We  only  used  the  triangular  shapes.  It  is  conceivable  that  other  shapes  have 
advantages,  but  the  triangles  have  the  virtue  of  simplicity. 


How  were  these  cracks  induced?  Through  EDM  Notch  as  crack  initiative  or  are  the  EDM 
notches  the  cracks  themselves?  — Krishnan  Balasubramaniam 

The  inclined  cracks  were  EDM  notches.  The  normal  cracks  were  fatigue  cracks  that  were 
started  from  notches. 


How  large  was  the  training  set  for  your  ANN  and  how  many  inputs  did  you  use?  — Carlos 
Ferregut 

We  used  108  inputs  per  data  set,  and  we  used  about  20  data  sets,  i.e.,  simulated  data  for  20 
cracks. 
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ABSTRACT 


This  paper  presents  an  integrated  approach  to  the  analysis  of  natural  gas  pipeline  inspection  data.  The 
analysis  is  performed  in  three  stages.  The  first  stage  uses  a  multi-layer  perceptron  to  identify  signals 
representing  benign  pipeline  components  that  do  not  warrant  any  analysis.  The  remaining  signals  are  then 
compensated  for  the  effects  of  probe  velocity  and  variations  in  pipewall  permeability.  The  third  stage 
involves  the  analysis  of  the  compensated  signal  to  generate  a  three  dimensional  profile  of  the  defect.  The 
results  are  displayed  in  a  virtual  reality  environment  that  allows  the  user  to  navigate  both  within  and 
outside  the  pipe.  The  strengths  of  a  variety  of  neural  networks  are  exploited  in  the  application. 


KEYWORDS:  Neural  Network 

Wavelet  Basis  Functions 
Gas  Pipeline  Inspection 
Defect  Classification 


Radial  Basis  functions 
Nondestructive  Evaluation 
Signal  Compensation 
Defect  Characterization 


1.  INTRODUCTION 


Natural  gas  is  one  of  the  most  important  sources  of  energy  in  the  United  States.  Its  continued  and 
uninterrupted  supply  is  vital  for  the  economic  security  of  the  country.  Natural  gas  is  produced  at  remote 
well  sites  and  transported  to  consumer  locations  through  a  vast  network  of  pipelines1'1.  A  typical 
transmission  gas  pipeline,  for  example,  is  a  24"  diameter,  0.034"  thick  cast  steel  pipe  that  is  usually  buried 
several  feet  below  in  the  ground.  These  pipes  are  inspected  periodically  to  detect  wall  thinning  and  metal 
loss  on  the  outer  surface  that  is  often  caused  by  corrosion.  The  inspection  is  carried  out  using  a  device 
called  a  pig  that  is  propelled  forward  inside  the  pipe  by  the  gas  pressure. 

Although  several  different  inspection  methodologies  (ultrasonics,  EMATS,  etc.)  have  been  proposed,  the 
most  popular  technique  involves  the  use  of  the  magnetostatic  method.  Figure  1  shows  a  highly  simplified 
sketch  of  a  pig  that  relies  on  the  magnetostatic  approach121.  The  pig  employs  pairs  of  very  high-energy 
magnets  as  part  of  a  magnetic  circuit  that  includes  backing  plates,  a  steel  brush  and  the  pipewall.  The 
steel  brush  rubs  against  the  pipewall,  thereby  providing  a  magnetic  path  even  when  the  pig  is  in  motion 
inside  the  pipe.  The  high  field  strength  of  the  magnets  ensures  that  the  pipewall  is  magnetically  saturated. 
The  presence  of  a  defect  such  as  a  corrosion  pit  on  the  outer  surface  of  the  pipe  causes  the  magnetic  flux 
to  "leak"  out  of  the  pipe  as  shown  in  Figure  2.  Sensors  can  be  arranged  to  measure  either  the  axial,  radial 
or  circumferential  components  of  the  magnetic  flux  leakage  (MFL)  signal. 
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Defect 


Section  Acquisition 

Figure  1.  A  schematic  of  the  gas  transmission  pipeline  inspection  tool. 


pipe 


Figure  2.  Magnetic  leakage  flux  path  due  to  a  defect  in  the  pipewall. 

The  pig  employs  a  number  of  magnetic  field  sensors,  such  as  Hall  elements,  that  are  arranged 
circumferentially  in  close  proximity  to  the  pipe  wall.  Figure  3  shows  the  components  of  the  leakage 
signal  generated  by  an  exterior  defect.  It  is  a  common  industry  practice  to  measure  only  the  axial 
component  of  the  leakage  flux  signal. 

The  pig  is  instrumented  to  record  the  signals  generated  by  all  the  magnetic  field  sensors  along  with  other 
pertinent  information,  such  as  odometer  readings,  temperature,  tool  canting  angle,  etc.,  in  a  compressed 
digital  format.  Over  12  gigabytes  of  compressed  data  are  typically  generated  for  every  100  miles  of 
pipeline  that  is  inspected.  The  main  objective  of  the  inspection  process  is  to  detect,  locate,  and 
characterize  all  flaws  in  the  pipeline  by  interpreting  the  recorded  data.  The  current  practice  is  to  interpret 
this  voluminous  amount  of  data  manually. 
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Figure  3.  Flux  leakage  signal  components  generated  by  an  exterior  defect. 

The  gas  industry  is  keenly  interested  in  automating  the  interpretation  process.  Key  advantages  of  the 
automation  process  include  improvement  in  the  accuracy,  speed  and  consistency  of  interpretation.  This 
paper  presents  an  integrated  approach  to  the  task  of  managing,  interpreting  and  visualizing  data. 

2.  ANALYSIS  STRATEGY 

The  key  steps  involved  in  the  analysis  are  shown  in  Figure  4.  The  first  step  involves  the  classification  of 
signals  as  representing  benign  or  defect  indications.  The  pipeline  system  consists  of  several  components 
including  tees,  valves,  and  sleeves,  as  well  as  other  artifacts,  such  as  welds.  Each  of  these  produce  a 
distinctive  MFL  signal.  The  first  step  involves  recognition  of  such  signals  as  benign  and  withdrawing 
such  signals  from  the  data  stream  and  avoid  any  further  analysis.  The  second  step  involves  compensating 
the  effects  of  operational  variables,  such  as  pig  velocity,  pipewall  permeability  and  pipewall  thickness. 

The  MFL  signal  shape  and  amplitude  vary  as  a  function  of  various  operational  parameters  such  as  pig 
velocity,  pipewall  permeability,  residual  stress,  etc.  These  effects  have  to  be  first  adequately  compensated 
for. 

After  the  signal  is  compensated,  a  multiresolution  wavelet  based  reconstruction  algorithm  is  used  to 
predict  the  three  dimensional  profile  of  the  defect.  The  final  result  is  displayed  in  a  virtual  reality 
environment  where  the  user  has  the  flexibility  to  "navigate"  within  the  pipe.  The  virtual  reality 
environment  allows  the  user  to  enter  and  exit  the  pipe  and  observe  three-dimensional  views  of  the  defect 
and  other  benign  artifacts  from  any  arbitrary  perspective.  The  visualization  package  displays  prestored 
images  of  benign  artifacts,  such  as  tees  and  valves,  upon  receiving  an  appropriate  trigger  from  the 
classifier  in  the  first  stage.  Each  of  the  subsystems  is  described  in  greater  detail  below. 

3.  NEURAL  NET  CLASSIFIER 

A  multilayer  perceptron  type  neural  network  is  used  to  distinguish  benign  artifact  signals  (tees,  valves, 
sleeves,  welds,  etc.)  from  defect  signals.  The  approach  is  conventional  in  that  literature  abounds  with 
reports  of  similar  strategies  being  used  in  applications  ranging  from  speech  signal  processing  to  x-ray 
radiography. 
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Figure  4.  Steps  in  the  overall  signal  analysis  procedure. 

A  schematic  of  the  classification  procedure  is  shown  in  Figure  5.  The  signal  is  filtered  and  segmented 
using  a  procedure  that  is  largely  heuristic.  The  first  twenty  eigenvalues,  together  with  two  geometry 
related  features,  extracted  from  the  segmented  images  constitute  the  input  to  a  two  hidden  layer 
perceptron.  The  MLP  is  trained,  using  the  well-known  back-propagation  learning  rule131  such  that  a 
specific  node  goes  "high"  when  a  signal  representing  a  certain  artifact  appears  at  the  input  terminals 


Data 

Input 


Figure  5.  Schematic  of  the  signal  classification  procedure. 

4.  SIGNAL  COMPENSATION 


As  indicated  earlier,  the  MFL  signals  are  affected  by  a  number  of  factors,  including  inspection  tool 
velocity,  pipeline  permeability,  pipewall  thickness  and  remnant  magnetization.  Other  factors,  such  as 
stresses  in  the  pipe,  affect  the  pipewall  permeability  which,  in  turn,  have  an  impact  on  the  MFL  signal. 
The  effect  of  these  factors  have  to  be  compensated  for  prior  to  characterization.  The  signal  is  typically 
compensated  for  the  effects  of  tool  velocity  and  permeability.  This  is  accomplished  in  two  stages. 


4.1  Velocity  Compensation 

In  the  first,  the  signal  is  compensated  for  velocity  effects  using  a  statistical  Wiener  filter141.  Figure  6 
shows  examples  of  MFL  signals  obtained  at  low  (desired  signals)  and  high  (distorted  signals)  pig 
velocities.  Signals  compensated  using  the  Wiener  filter  are  also  shown. 
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50%  deep,  4in  long,  3in  wide 


80%  deep,  2in  long,  3in  wide 


1  =  Compensated,  2  =  Desired,  3  =  Distorted 
Figure  6.  Results  of  velocity  compensation  procedure. 

4.2  Permeability  Compensation 

The  permeability  compensation  schemes  fuses  information  contained  in  two  different  MFL  signal 
measurements  to  achieve  permeability  invariance.  Consider  signals  generated  by  an  independent, 
heterogeneous  pair  of  sensors  measuring  the  same  physical  process.  In  the  present  context,  the  two 
sensors  could,  for  example,  be  measuring  the  axial  and  radial  components  of  the  MFL  signal.  Both 
signals  are  sensitive  to  a  number  of  test  variables,  such  as  the  defect  length  (£),  defect  depth  (d)  and  the 
permeability  of  the  pipewall.  Let  XA  and  Xb  denote  the  two  signals  and  let  t  denote  the  pipewall 
permeability.  An  appropriate  feature,  such  as  its  peak  value  or  moment,  is  extracted  from  the  signals 
XA(d,  £,  t)  and  XB(d,  £,  t).  Let  the  two  features  be  denoted  as  xA(d,  £,  t)  and  xB(d,  £,  t).  We  wish  to 
identify  a  function  f  of  the  two  features  that  is  independent  of  the  parameter  t;  i.e., 


f{xA(d,  £,  t),  xB(d,  £,  t)}  =  g(d,  £) 

A  sufficient  condition  for  obtaining  invariance  to  the  parameter  t  is 

g(d,  £)  O  gi(xA(d,  £,  t))  =  g2(xB(d,  £,  t)) 


(1) 


(2) 
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where  ■<>  denotes  a  homomorphic  operator.  Then 

f(xA,  xB)  =  g(d,  £)  =  g2(xB)  ❖  gr‘(xA)  (3) 

The  choice  of  the  functions  gi  and  g2  is  dictated  by  several  factors.  The  function  g  may,  for  example,  be 
chosen  to  be  a  linear  function  of  defect  depth.  g2  could  be  chosen  on  the  basis  of  the  dynamic  range  of  the 
signal.  As  an  example,  if  the  dynamic  range  of  the  signal  is  large,  the  choice  of  a  logarithmic  function 
may  be  appropriate.  The  function  gi  serves  the  role  of  a  universal  approximator.  A  suitable  functional 
form  is  chosen  for  gi  and  the  coefficients  are  estimated  to  satisfy  equation  (3).  The  equation  can  be 
satisfied  by  sampling  the  function  space. 


H(dj,  fj)  O  gi{xA(4  4  tk)}  =  g2{xB(dj,  4  tk)} 


(4) 


i  =  1, 2, ...,  m,  j  =  1,  2, ....  n  andk=  1, 2, ...  p. 


For  the  application  on  hand,  we  chose  the  axial  (XA)  and  radial  (XB)  components  of  the  MFL  signal.  The 
peak-to-peak  value  of  the  signals  were  chosen  as  features  (xA  and  xB),  g2  is  assumed  to  be  an  identity 
function  (i.e.,  g2(x)  =  x)  and  the  homomorphic  operator  is  multiplicative.  Thus, 


g(d,  £,w)  = 


_ Pz(d,  l,  w,t) _ 

g,  {Pr  (d,  /,  w,  t),  P2  (d,  £,  w,  Dr ,  Dc } 


(5) 


where  d,  £,  and  w  represent  the  depth,  length  and  width  of  the  defect, 

Pr  and  Pz  denote  the  peak-to-peak  value  of  the  radial  and  axial  components  of  the 
MFL  signal 

Dr  is  the  distance  between  the  positive  and  negative  peak  of  the  radial  component 
of  the  MFL  signal,  and 

Dc  is  the  support  of  the  axial  component  of  the  signal  along  the  circumferential 
direction. 

Dr  and  Dc  are  closely  linked  to  the  defect  length  and  width,  respectively. 

The  function  gi  can  be  synthesized  using  neural  networks  that  are  suitable  for  functional  interpolation. 
Radial  basis  function  (RBF)  networks151  and  Wavenets161  are  excellent  choices.  RBF  networks  synthesize 
functions  using  a  linear  combination  of  activation  or  radial  basis  functions  <)>(•);  i.e., 

g,(x)=XMl*-cill)  (6) 

i=i 

where  n  is  the  number  of  RBFs  used  in  the  expansion, 
c,  is  the  center  of  the  i*  RBF, 

X\  are  the  expansion  coefficients,  and 
II  represents  the  £2  norm. 

If  a  Gausian  RBF  is  used,  equation  (6)  becomes 
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(7) 


gi(x)=X^exP 

i=l 

where  a  denotes  the  degree  of  locality.  Although  optimal  values  of  parameters  A,,  c;,  o  and  n  can  be 
estimated  by  minimizing  an  appropriate  cost  function,  we  use  a  simpler  method  that  relies  on  picking  a 
reasonable  number  for  n  and  using  the  K-Means  clustering  algorithm171  to  provide  estimates  of  c*  and  a*. 
Equation  7  can  be  written  in  matrix  form  as 

G  =  AA  (8) 

from  which  the  coefficients  A,  can  be  estimated  from 

A  =  A+G  (9) 

where  A+  represents  the  pseudo-inverse  of  A.  If  the  .number  of  examples  available  for  training  the 
network  is  small,  c*  could  correspond  to  the  training  data  points.  The  MFL  signal  is  scaled  using  the 
computed  value  of  the  invariant  function  to  obtain  the  permeability  invariant  flux  density  signal. 

Figure  7  shows  some  typical  examples  of  results  obtained  using  this  approach.  The  MFL  signals  are 
derived  from  3%  long  defects  that  are  20%,  50%  and  80%  deep,  respectively,  in  three  different  pipe 
grades  (which  imply  three  different  magnetization  characteristics).  The  permeability  compensated  signals 
shown  alongside  indicate  that  the  approach  works  very  well. 


1*-Ci 

2a? 


(a)  MFL  signals  from  single 
pipe  grade 


(b)  MFL  signals  from  varying 
pipe  grade 


(c)  Permeability  compensated 
MFL  signals 


— -  80%  deep,  50%  deep,  —  20%  deep 

Figure  7.  Results  of  permeability  compensation  proceudre 

5.  DEFECT  CHARACTERIZATION 

The  final  step  in  the  analysis  procedure  involves  mapping  of  the  compensated  signal,  using  a  Wavenet161, 
to  obtain  the  three  dimensional  profile  of  the  defect.  The  Wavenet  or  the  wavelet  basis  network  is  based 
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on  the  concept  of  multiresolution  representation  of  the  function  using  wavelet  transforms.  A  more  detailed 
description  of  the  concept  can  be  found  in  a  number  of  references18'.  Briefly,  the  approach  involves 
expansion  of  a  function  f(x)  starting  from  the  coarsest  resolution  and  progressively  adding  additional 
terms  representing  higher  resolution  versions  of  the  function 

fL(x)=^SJL(|)JL(x) 

j=i 

fL-,(*)  =  fL(x)+"2dr,H'^l(x) 


f(x)=f0(x)=|;s^(x)+xi‘i;'p‘(x)  do) 

j=l  k=l  j= 1 

The  architecture  of  the  network  is  shown  in  Figure  8.  The  scaling  function  <f>  is  a  Gaussian,  while  the 
wavelet  function  ¥  is  a  Mexican  hat  function.  At  the  coarsest  level,  the  centers  are  estimated  using  the  K- 
Means  clustering  algorithm.  From  the  second  resolution  onwards,  a  dyadic  scheme  is  used  to  determine 
the  centers.  The  procedure  used  for  training  the  network  is  summarized  in  Figure  9.  The  input  signal  is  a 
(42  x  61)  matrix  representing  the  compensated  magnetic  flux  leakage  signal.  The  output  is  a  (61  x  61) 
matrix  with  entries  representing  the  depth  of  the  flaw.  The  number  of  scaling  function  nodes  is  3.  A 
major  advantage  of  the  approach  is  that  the  user  has  control  over  the  level  of  prediction  accuracy  by 
changing  the  number  of  resolutions.  The  improvement  in  accuracy  is  obtained  at  the  expense  of  greater 
computational  effort. 

Figure  10  shows  cutouts  of  typical  defect  profiles  obtained  by  the  network  at  progressively  increasing 
levels  of  resolution.  A  line  scan  of  the  true  and  predicted  profiles  are  shown  for  comparison. 

6.  VISUALIZATION 

The  defect  profile  data  is  exported  to  a  visualization  package  that  displays  the  data  in  a  virtual  reality 
environment.  The  package  allows  the  user  to  navigate  inside  the  pipe  where  a  wire  frame  display  for  the 
leakage  field  signal  can  be  seen.  Perturbations  in  the  wireframe  display  provide  a  visual  cue  for  the  user 
that  a  defect  or  a  benign  pipeline  component,  such  as  a  valve  or  a  sleeve,  is  present.  The  user  can 
navigate  outside  the  pipe  and  visualize  the  defect  from  any  arbitrary  perspective.  Prestored  three- 
dimensional  views  of  pipeline  components  are  invoked  whenever  the  signal  classification  algorithm 
generates  a  signal  indicating  the  presence  of  the  component.  Figure  1 1  shows  a  three  dimensional  view  of 
a  corrosion  pit  on  the  outer  surface  of  the  pipe.  The  visualization  package  allows  rapid  assimilation  of 
data  and  minimizes  information  overload. 
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Figure  8.  Architecture  of  the  wavenet. 


Figure  9.  Procedure  for  training  the  wavenet. 
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MFL  Prediction  with  1  resolution 


Width  (Inch)  0  0  Length  (Inch)  Width  (Inch)  0  0  Length  (Inch) 


Defect  profile 


Prediction  with  3  resolutions 


Figure  10.  Defect  reconstruction  at  different  resolutions. 


Figure  1 1 .  Three-dimensional  view  of  a  corrosion  pit. 

7.  CONCLUSIONS 

This  paper  presents  an  integrated  approach  for  the  systematic  and  rapid  analysis  of  pipeline  NDE  data. 

The  method  uses  three  different  types  of  neural  network  capturing,  exploiting  in  the  process,  each  of  their 
strengths.  Some  of  the  algorithms  can  be  easily  adapted  to  solve  NDE  problems  of  interest  to  the  U.S.  Air 
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force.  An  example  is  the  extension  of  the  compensation  algorithm  for  rendering  eddy  current  signals 

invariant  to  the  effects  of  lift-off  variations  during  the  inspection  of  aircraft  components. 
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ABSTRACT. 

Efforts  to  optimize  the  design  of  mechanical  systems  for  preestablished  use  environments 
and  to  extend  the  durations  of  use  cycles  establish  a  need  for  in-service  health  monitoring. 
Numerous  studies  have  proposed  measures  of  structural  response  for  the  identification  of 
structural  damage,  but  few  have  suggested  systematic  techniques  to  guide  the  decision  as  to 
whether  or  not  damage  has  occurred  based  on  real  data.  Such  techniques  are  necessary 
because  in  field  applications  the  environments  in  which  systems  operate  and  the 
measurements  that  characterize  system  behavior  are  random. 

This  paper  investigates  the  use  of  artificial  neural  networks  (ANNs)  to  identify  damage  in 
mechanical  systems.  Two  probabilistic  neural  networks  (PNNs)  are  developed  and  used  to 
judge  whether  or  not  damage  has  occurred  in  a  specific  mechanical  system,  based  on 
experimental  measurements.  The  first  PNN  is  a  classical  type  that  casts  Bayesian  decision 
analysis  into  an  ANN  framework;  it  uses  exemplars  measured  from  the  undamaged  and 
damaged  system  to  establish  whether  system  response  measurements  of  unknown  origin 
come  from  the  former  class  (undamaged)  or  the  latter  class  (damaged).  The  second  PNN 
establishes  the  character  of  the  undamaged  system  in  terms  of  a  kernel  density  estimator  of 
measures  of  system  response;  when  presented  with  system  response  measures  of  unknown 
origin,  it  makes  a  probabilistic  judgment  whether  or  not  the  data  come  from  the  undamaged 
population.  The  physical  system  used  to  carry  out  the  experiments  is  an  aerospace  system 
component,  and  the  environment  used  to  excite  the  system  is  a  stationary  random  vibration. 
The  results  of  damage  identification  experiments  are  presented  along  with  conclusions 
rating  the  effectiveness  of  the  approaches. 

NOMENCLATURE. 

ANN  :  Artificial  Neural  Network 

PNN  :  Probabilistic  Neural  Network 

PPC  :  Probabilistic  Pattern  Classifier 

VETO  :  Virtual  Environment  for  Test  Optimization 

X ,  Y  :  vector  of  random  variables  with  dimension  n 

F;f  ( . )  :  cumulative  distribution  function  estimator 

HX,  HY  :  a  priori  probabilities  of  X  and  Y 
LX,  Ly  :  loss  factors  associated  to  sources  Y  and  X 
N  :  number  of  measured  data  realizations 

S  :  covariance  matrix 

T  :  a  transform  operator 

fX(-),fY(')  '  probability  density  functions 
n  :  dimensionality  of  a  source  of  data 

u  :  uniformly  distributed  random  variable 

w  :  uncorrelated  standard  normal  random  variable 

z  :  datum  of  unknown  source 

&(.)  :  cumulative  distribution  function  of  a  standard  normal  random  variable 

a  :  smoothing  parameter 
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1.  INTRODUCTION 

Structural  engineering  design  usually  dictates  that  systems  be  fabricated  to  optimum  weight 
and  cost  specifications,  and  yet  safely  sustain  the  loads  applied  to  them  for  a  preestablished 
duration.  This  can  be  accomplished  because  great  strides  are  being  made  in  analysis,  design 
and  testing  practice,  but  it  is  complicated  by  the  fact  that  the  loads  applied  to  any  real 
structure  are  unknown  and  the  material  properties  and  geometry  of  a  structure  are  random. 
In  view  of  this,  responses  of  critical  structures  must  be  monitored,  and  the  information 
used  to  infer  structural  functionality  and  safety. 

Many  frameworks  can  be  used  to  assess  the  relative  health  of  a  structure,  and  this  paper 
presents  two  of  them.  They  are  the  classical  PNN  of  Specht  (1990),  and  a  PPC  that  we 
have  developed.  The  former  is  an  ANN  implementation  of  the  Bayes’  decision  analysis 
procedure.  The  latter  is  a  formal  statistical  procedure  that  permits  us  to  judge  the  source  of 
data  of  unknown  origin. 

The  PNN  requires  data  sets  from  two  or  more  sources.  When  presented  with  a  datum  of 
unknown  origin,  it  judges  which  set  of  known  data  is  the  likeliest  source  of  the  unknown 
datum.  The  PNN  implements  Bayes’  decision  rule  representing  the  probability  density 
functions  (pdfs)  of  the  known  data  sets  with  kernel  density  estimators.  These  were  first 
developed  in  the  form  in  which  they  are  used  today  by  Parzen  (1962),  and  their  form  was 
later  generalized  to  the  multivariate  case  by  Cacoullos  (1966).  A  text  that  summarizes  kernel 
density  estimators  is  that  of  Silverman  (1986).  The  PNN  is  briefly  described  in  Section  2. 

When  one  or  more  measures  of  structural  behavior  representing  both  damaged  and 
undamaged  system  states  are  available,  they  can  be  used  to  establish  the  parameters  of  a 
PNN.  When  corresponding  measures  of  structural  behavior  are  taken  from  a  structure  not 
known  to  be  damaged  or  undamaged,  they  can  be  presented  to  the  PNN  for  its  judgment 
regarding  the  state  of  the  system. 

The  PPC  requires  a  data  set  from  one  source.  When  presented  with  a  datum  of  unknown 
origin,  it  judges  whether  the  datum  is  a  member,  an  outlier,  or  a  nonmember  of  the  set 
whose  source  is  known.  This  tool  also  uses  the  pdf  representation  of  Parzen  and 
Cacoullos,  but  given  that  representation  it  defines  a  transform  (see  Rosenblatt,  1952)  into 
the  space  of  uncorrelated  standard  normal  random  variables.  Data  of  unknown  origin  are 
transformed  into  this  space,  and  a  test  of  hypothesis  is  performed  to  judge  the  source  of  the 
data.  The  PPC  is  developed  in  Section  3. 

When  one  or  more  measures  of  structural  behavior  representing  undamaged  system  states 
are  available,  they  can  be  used  to  establish  the  parameters  of  a  PPC.  When  corresponding 
measures  of  structural  behavior  are  taken  from  a  structure  not  known  to  be  damaged  or 
undamaged,  they  can  be  presented  to  the  PPC  for  its  judgment  regarding  membership  of 
the  data  in  the  set  of  undamaged  data.  The  data  will  be  judged  members,  outliers,  or 
nonmembers  of  the  undamaged  data  set.  Details  of  the  approaches  used  perform  the 
statistical  damage  diagnoses  described  above  are  given  in  Section  4. 

The  real  test  of  a  damage  diagnosis  tool  is  its  effectiveness  in  practical  application.  The  two 
health  monitoring  tools  considered  in  this  study  are  applied  to  the  monitoring  of  damage  in 
a  physical  system.  The  system  is  a  stereolithography  model  of  an  aerospace  component. 
The  system  was  tested  using  random  vibration  and  its  response  measured  and  used  to 
characterize  the  undamaged  system.  Next,  a  small  amount  of  damage  was  introduced  into 
the  system,  and  it  was  tested  and  characterized  again.  This  step  was  repeated  four  more 
times;  each  time  incremental  damage  was  introduced  into  the  system  before  retesting. 
Finally,  the  PNN  and  PPC  were  used  to  determine  whether  the  incremental  damage  could 
be  recognized.  The  results  were  successful,  and  are  presented  in  detail  in  Section  5. 
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2.  CLASSICAL  PROBABILISTIC  NEURAL  NETWORK 
The  classical  PNN  uses  the  Bayesian  decision  analysis  cast  into  an  ANN  framework  to 
judge  the  origin  of  datum  z  given  that  data  from  two  random  variable  sources,  X  and  Y , 
are  known.  The  known  data  are  denoted  xj, yjJ  =  .  The  sources  X  and  Y  are 

assumed  to  be  vector  random  variables  with  dimension  n,  and  their  corresponding 
realizations  are  also  assumed  to  be  vectors.  For  the  two-source  case,  the  origin  of  z  is 
determined  based  on  the  following  Bayesian  decision  rule 

zeX  if  HxLxfx(z)>  HYLYfY{z) 

zeY  if  HxLxfx(z)<HYLYfY(z) 

Where  fX(z)  and  fY(z)  are  the  probability  density  functions  (pdf’s)  for  the  sources  X  and 
y,  respectively;  Hx  and  HY  are  the  a  priori  probabilities  of  sources  X  and  Y;  and  Lx  and 
Ly  are  the  losses  resulting  from  incorrect  decisions  that  the  sources  are  Y  and  X , 
respectively.  Often  the  a  priori  probabilities  can  be  determined  for  the  source  data, 
however,  the  loss  factors  require  some  subjective  evaluation  based  on  the  application  from 
which  the  source  data  have  come.  The  key  to  using  Eq.  (1)  is  the  ability  to  estimate  the 
probability  density  functions  fX(z)  and  fy(z)  based  on  experimental  data.  These  joint  pdfs 
can  be  approximated  using  the  kernel  density  estimator  (see  Parzen  (1962),  Cacoullos 
(1966)  and  Silverman  (1986)).  The  kernel  density  estimator  (kde)  is  a  data  based  estimator 
and  one  form  is 


Of  course,  the  kernel  in  this  expression,  is  a  multivariate  normal  pdf.  The  kernel  density 
estimator  is  a  superposition  of  N  multivariate  normal  densities  centered  at  each  measured 
realization  of  X.  This  summation  is  normalized  so  that  its  hyperspace  volume  equals  one. 
S  is  the  covariance  matrix  for  the  kernel.  This  matrix  can  conveniently  be  approximated  by 
the  special  form 

S  =  o2I  (3) 

where  /  is  the  identity  matrix  and  a  is  the  smoothing  parameter  of  the  kde.  A  small 
smoothing  parameter  can  cause  the  estimated  density  function  to  show  distinct  modes  at  the 
locations  of  the  training  data,  while  a  large  value  of  a  provides  greater  smoothing  or 
interpolation  between  points  in  the  density  estimation.  The  following  smoothing  factor  was 
used  in  the  kde’s  of  this  study. 


(7  =  0.9*(4/(n  +  2))1/(n+4)* 


5>d(xy) 


2 

l  * 


(4) 


where  std(xi)  refers  to  the  standard  deviation  of  the  ith  random  variable  vector  source  X , 
and  the  other  parameters  were  previously  described. 
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3.  PROBABILISTIC  PATTERN  CLASSIFIER 

The  PPC)  similar  to  the  PNN  in  that  it  seeks  to  distinguish  the  source  of  a  datum  of 
unknown  origin.  However,  the  PPC  differs  from  the  PNN  in  that  the  PPC  seeks  to  answer 
the  question:  Is  the  datum  of  unknown  origin  a  member  of  the  data  set  of  interest,  or  is  it  an 
outlier,  or  is  it  a  nonmember?  It  answers  this  question  by:  (1)  characterizing  the  data  set  of 
interest  using  the  kernel  density  estimator  of  Eq.  (2),  (2)  using  this  expression  to  develop  a 
Rosenblatt  transformation  to  the  space  of  uncorrelated  standard  normal  random  variables, 
then  (3)  transforming  the  datum  of  unknown  origin  to  the  standard  normal  space  where  we 
perform  a  test  of  hypothesis  to  judge  its  membership  in  the  reference  set 

We  commence  the  development  by  assuming  that  a  random  variable  X  is  characterized  by  a 
collection  of  data  denoted  xj,  j  =  1  The  source  and  the  data  it  produces  may  be  vector 

quantities.  The  kernel  density  estimator  for  the  data  is  given  by  Eq.  (2).  We  seek  a 
transformation  from  the  space  of  X  to  the  space  of  uncorrelated  standard  normal  random 
variables.  Such  a  transformation  can  be  developed  using  the  Rosenblatt  transformation  (see 
Rosenblatt,  1952). 

The  Rosenblatt  transformation  is  a  unique  and  invertible  mapping  that  permits  the 
conversion  of  vector  realizations  of  random  variables  with  arbitrary  joint  probability 
distribution  to  vector  realizations  of  independent,  uniformly  distributed  random  variables 
on  the  interval  [0,1].  To  develop  the  transformatipn,  note  that  there  is  a  cumulative 
distribution  function  (cdf)  estimator  that  corresponds  to  the  kde  in  Eq.  (2).  It  is  easy  to 
obtain  because  of  the  form  of  the  covariance  matrix  in  Eq.  (3),  and  is  given  by 


where  *  is  the  variate  vector  and  is  its  kth  element,  xy  is  the  kth  vector  element  in  the 
jth  data  point  Xy,  F(.)  is  the  cdf  of  a  standard  normal  random  variable  and  the  other 
quantities  in  the  expression  are  defined  following  Eq.  (2).  This  is  the  joint  cdf  of  all  the 
random  variables,  X/C,k  =  l,...,n,  in  the  vector^.  From  this  function  all  the  lower  order 
joint  cdf’s  (including  marginal  cdf’s)  and  conditional  cdf’s  can  be  developed.  The 
Rosenblatt  transformation  takes  the  form 


u\  ~  FXx  (£l) 

u2  =  FX2\Xx  (£2  ^l)  ^ 

un  ~  FXn\Xn_x,...,Xx  (£n  1 

where  the  uj,  j  =  are  realizations  of  independent,  uniformly  distributed  random 

variables  on  [0,1],  the  |y,  j  =  1 ,...,«,  are  elements  of  the  vector  x,  and  the  functions  on  the 

right  hand  side  are  one  marginal  (the  first  equation)  and  several  conditional  cdf’s  obtained 
from  Eq.  (5).  The  following  shorthand  notation  can  be  adopted  for  Eqs.  (6). 

u  =  T(x)  (7) 
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where  u  is  the  vector  of  elements  uj,  j  =  l,...,n,  and  x  is  the  vector  of  elements 

Because  the  cdf  defined  in  Eq.  (5)  is  monotone  increasing  (The  standard  normal  cdf,  0(.) 
is  a  monotone  increasing  function.),  the  transformation  of  Eqs.  (6)  and  (7)  is  invertible, 
therefore, 

*  =T~\u)  (8) 

Because  we  can  define  the  forward  and  inverse  transformations  in  Eqs.  (6)  through  (8)  for 
a  vector  of  random  variables  X  with  arbitrary  distribution,  we  can  also  define  the 
transformation  for  a  vector  of  random  variables  W  that  are  uncorrelated  with  standard 
normal  distribution  (i.e.,  each  element  of  W  is  normally  distributed  with  mean  zero  and 
unit  variance.).  The  forward  and  inverse  transformations  may  be  denoted 


“  =  Tsn(w)  w  =  T~l(u)  (9) 

where  the  subscript  “sn”  refers  to  the  fact  that  these  are  transformations  to  and  from  the 
standard  normal  space. 

The  existence  of  the  transformation  in  Eq.  (7)  and  the  second  transformation  in  Eq.  (9) 
implies  that  a  transformation  from  a  realization  of  a  vector  random  variable  with  arbitrary 
joint  probability  distribution  to  a  realization  of  a  vector  of  uncorrelated  standard  normal 
random  variables  can  be  defined.  In  terms  of  the  notation  in  Eqs.  (7)  and  (9),  it  is 


w  =  Ts-„'(Hx))  (10) 

This  transformation,  developed  using  the  detailed  forms  of  Eqs.  (5)  and  (6),  forms  the 
basis  of  the  PPC.  The  transformation  reflects  the  character  of  the  data  source  X  via  its 
measured  realizations  Xj,  j  =  1  because  the  cdf  s  in  Eq.  (6)  come  from  Eq.  (5),  and 

Eq.  (5)  involves  the  Xj,j  =  . 


The  PPC  operates  on  the  following  basis.  We  consider  a  datum  z  of  unknown  origin,  and 
make  the  hypothesis  that  it  comes  from  the  random  source  X.  We  transform  z  to  the  space 
of  realizations  of  uncorrelated  standard  normal  random  variables  using  Eq.  (10).  The 
operation  yields 


«’z=r-1(rW) 


(ii) 


Note  that  the  distance  from  the  origin  of  a  random  vector  in  uncorrelated  standard  normal 
space  is  related  to  the  chi  squared  distribution.  Specifically,  the  square  of  the  distance  from 
the  origin  of  a  random  vector  with  dimension  n,  whose  components  are  standard  normal 
random  variables,  is  chi  squared  distributed  with  n  degrees  of  freedom.  In  view  of  this,  the 
hypothesis  specified  above  is  rejected  at  the  a  x  i  oo%  level  of  significance  if  the  norm  of  wz 


||wz||)  falls  outside  the  interval 


,  where 


(12) 
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and  F  2  (•)  is  the  cdf  of  a  chi  squared  distributed  random  variable  with  n  degrees  of 

Xn 

freedom.  Otherwise,  the  hypothesis  is  accepted  at  the  discretion  of  the  analyst.  (The  need 
for  discretion  arises  here  because  measure  of  performance  may  simply  not  have  been  one 
that  leads  to  rejection  of  the  hypothesis;  i.e.,  other  measures  of  structural  response  may 
have  led  to  rejection.) 


In  summary,  we  transform  the  datum  z  using  Eq.  (11),  compute  the  norm  of  wz,  then 

observe  whether  ||h>2||  falls  within  jo ,^]xn,i-a  *  If  it  does,  then  we  may  conclude  that  z  is  a 

realization  of  the  random  variable  X;  otherwise,  we  conclude  that  it  is  not.  It  is  anticipated 
that,  on  average,  (i-a)xioo%  of  the  realizations  z  that  come  from  the  random  source  X 
will  fall  in  the  interval.  When  we  perform  a  test  under  practical  conditions,  we  will  often  set 
the  significance  level  in  the  range  0.1%  through  5%.  In  a  heuristic  sense,  we  can  conclude 

that  when  ||h'2|  is  outside  the  interval  o,Jzn.i-a  »  but  not  too  much  greater  than  J*£,_a , 
then  z  may  simply  be  an  outlier  of  the  random  variable  X.  When  ItaJis  much  greater  than 


ijzn.i-a ,  then  we  conclude  that  z  did  not  arise  from  the  random  source  X. 


4.  APPLICATION  OF  PROBABILISTIC  NEURAL  NETWORKS  TO 
STRUCTURAL  HEALTH  MONITORING 

The  current  research  effort  has  focused  on  the  development  of  two  PNN  software  codes 
(the  classical  PNN  and  the  PPC)  to  address  the  health  of  mechanical  structures  based  on 
experimental  data.  These  ANN  approaches  use  measures  of  system  response  (and 
sometimes  input)  data  to  characterize  the  dynamic  behavior  of  a  component  The  PNN  uses 
measures  of  both  damaged  and  undamaged  system  behavior  to  characterize  a  structure;  the 
PPC  uses  only  the  latter.  Once  these  models  have  been  developed  with  measured  response 
data,  they  can  be  used  to  enhance  the  decision  making  process  related  to  the  health  of  the 
structure.  On-line  measurements  of  both  inputs  and  responses  of  an  operating  system,  such 
as  equipment  on  a  production  or  manufacturing  line,  can  be  used  to  train  the  ANN.  Once 
trained,  the  ANN  can  be  used  to  monitor  system  health  ,  either  in  real-time,  or  via  post 
processing  of  data.  There  is  no  limitation  on  the  types  of  structural  response  measures  that 
can  be  used  in  the  ANN  training  process  to  help  assure  that  change  in  structural  response  or 
structural  damage  is  clearly  detected. 

There  are  several  key  elements  that  are  required  to  develop  a  useful  PNN.  First,  the 
selection  of  a  kde  plays  an  important  role  in  the  ANN  development  process.  The  kde  is  an 
estimator  of  the  pdf  required  in  the  decision  analysis.  Second,  the  selection  of  appropriate 
measures  of  structural  response  are  needed  that  help  to  clearly  reveal  structural  damage. 
These  elements  are  a  critical  part  of  the  development  of  a  PNN  that  can  be  used  to  establish 
a  measure  of  system  health. 

There  are  limitations  to  using  these  ANNs.  Care  needs  to  be  taken  when  calculating 
multivariate  density  estimates.  The  size  of  the  exemplar  or  training  set  needed  in  kernel 
density  estimation  increases  dramatically  as  the  order  or  dimensionality  of  the  density 
estimation  increases  (Silverman,  1986).  Thus,  the  requirement  for  large  amounts  of 
experimental  data  in  estimating  the  probability  densities  might  cause  some  limitations  of 
these  ANN  techniques.  Also,  these  two  techniques  are  currently  limited  to  assessing 
whether  damage  has  occurred  in  a  structure  and  they  do  not  provide  a  method  for 
determining  the  location  or  extent  of  the  damage  in  the  structure.  In  addition,  the  type  of 
smoothing  chosen  in  the  kernel  density  estimation  could  limit  not  only  the  accuracy  but  also 
the  computational  speed  of  the  estimation.  Finally,  when  the  sample  set  is  large,  the  choice 
of  kernel  estimator  may  be  very  important  in  reducing  the  computation  time  of  the 
probability  density  estimation  (Silverman,  1986). 
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5.  NUMERICAL  EXAMPLE 

An  aerospace  housing  component  was  selected  as  test  case  hardware  for  generating 
experimental  data  where  the  health  of  the  system  could  be  monitored  under  different 
structural  conditions.  A  test  design  tool  called  the  Virtual  Environment  for  Test 
Optimization  (VETO)  was  used  to  design  an  optimal  experiment  for  this  housing 
component.  The  frequency  band  of  interest  was  selected  to  include  the  first  five  vibration 
modes  of  the  structure.  A  solids  model  of  the  aerospace  housing  component  was  used  to 
generate  a  rapid  prototype  component  through  a  stereolithography  process.  The  testing  was 
performed  on  this  stereolithography  component.  Figure  1  shows  a  test  setup  photo. 


Figure  1.  Experimental  test  setup. 

The  excitation  used  in  the  experiment  was  a  stationary  random  vibration;  acceleration 
response  was  measured  at  55  locations.  Using  the  visualization  software  within  the  VETO 
environment,  two  separate  locations  on  the  housing  structure  were  selected  for  the 
introduction  of  damage.  The  basis  for  the  selection  of  these  locations  was  made  by 
animating  the  vibration  modes  of  interest  while  observing  maximum  strain  energy  density 
on  the  structure.  Five  separate  damage  cuts  -  each  of  one-quarter  inch  depth  -  were 
introduced  at  two  locations  with  high  strain  energy  density. 

The  selection  of  independent  response  measures  for  training  the  PNN  was  an  important 
factor  in  developing  a  useful  tool  to  measure  the  health  of  the  housing  component.  The  goal 
in  choosing  these  measures  was  to  minimize  the  dimension  of  the  ANN  while  preserving  or 
amplifying  the  response  differences  as  damage  was  introduced  into  the  structure. 
Responses  measured  at  five  locations  were  used  in  the  analyses.  It  was  determined  that 
measures  of  static  flexibility  at  the  five  measurement  locations  on  the  housing  component 
would  be  used  to  train  the  PNNs  to  detect  structural  damage.  Selecting  static  flexibility  as 
the  measure  of  structural  response  to  use  in  the  ANN  applications  required  some  analysis  to 
be  completed  on  the  experimental  data.  Large  sample  sets  of  data  were  collected  from  input 
as  well  as  for  each  of  these  response  locations  on  the  structure.  Thirty-nine  frequency 
response  function  (frf)  realizations  were  calculated  using  smaller  blocks  of  this  large 
sample  set  of  data.  An  approximation  of  the  static  flexibility  was  calculated  given  each  of 
these  frf  realizations.  The  method  for  estimating  the  static  flexibilities  was  to  average  the 
low  frequency  frf  behavior  to  asymptotically  approximate  these  measures.  The  difficulty  in 
determining  these  estimates  was  in  selecting  an  appropriate  frequency  range  to  make  the 
calculations.  A  typical  frf  measure  is  shown  in  Figure  2. 
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Figure  2.  Typical  frequency  response  function. 


The  first  case  study  utilized  these  measures  of  static  flexibility  at  the  five  selected  locations 
on  the  housing  structure  as  input  to  the  classical  PNN.  Operation  of  the  classical  PNN 
requires  data  from  at  least  two  known  sources;  one  set  of  static  flexibilities  from  the 
undamaged  case  and  one  or  more  sets  of  static  flexibilities  from  the  group  of  damaged 
cases.  When  the  classical  PNN  was  presented  with  data  from  an  unknown  source  (this 
unknown  data  was  taken  from  the  sample  set  of  undamaged  or  damaged  flexibilities  and 
was  subsequently  not  used  as  PNN  training  data),  the  PNN  would  judge  the  origin  of  that 
data  based  on  the  Bayesian  decision  criterion  shown  in  Eq.  (1).  The  a  priori  probabilities 
given  the  two  known  sources  of  data  were  0.5  and  the  loss  factors  were  set  to  1.  The 
results  from  the  classical  PNN  study  were  perfect  with  the  code  predicting  the  correct 
origin  of  an  unknown  source  78  out  of  a  possible  78  times  in  all  damage  cases.  Because  of 
the  obvious  difficulties  in  graphically  presenting  the  results  of  a  five-dimensional  density, 
two  of  the  five  locations  on  the  housing  structure  were  arbitrarily  selected  for  displaying 
results  from  the  classical  PNN.  Figure  3  shows  the  two-dimensional  scatter  plot  of  the 
static  flexibilities  plotted  against  one  another  for  the  undamaged  (o)  and  five  successive 
damaged  cases  (+).  The  differences  between  the  undamaged  and  damaged  cases  for  these 
two  static  flexibility  measures  are  quite  apparent  enabling  the  PNN  to  easily  detect  the 
origin  of  an  unknown  source.  The  classical  PNN  was  able  to  distinguish  the  damaged  from 
the  undamaged  data  in  all  cases,  including  the  most  lightly  damage  case. 


Figure  3.  Scatter  plot  of  static  flexibilities. 


The  second  case  study  utilized  the  same  measures  of  static  flexibility  as  input  to  the  PPC. 
In  this  case,  the  PPC  requires  data  from  only  a  single  source,  such  as  the  undamaged  set  of 
flexibilities,  and  seeks  to  judge  whether  or  not  the  data  from  an  unknown  origin  comes 
from  that  source.  The  Rosenblatt  transformation  was  used  to  map  the  static  flexibility  data 
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from  the  space  of  the  kernel  density  estimator  into  the  space  of  uncorrelated,  standard 
normal  random  variables.  This  transformation  was  also  used  to  transform  the  data  from  an 
unknown  source,  static  flexibility  data  from  the  damage  cases,  into  the  standard  normal 
space.  A  distance  from  the  origin  was  used  as  criterion  to  judge  whether  the  data  from  the 
unknown  source  (data  from  successive  damage  cases)  came  from  the  known  undamaged 
source.  An  acceptance  region,  distances  from  the  origin  considered  as  part  of  the 
undamaged  source,  was  established  based  on  the  use  of  fie  chi  square  distribution.  A  chi 
square  random  variable  with  five  degrees  of  freedom  has  a  99.9%  probability  of  a  distance 
from  the  origin  less  than  4.53.  The  results  for  the  five  damage  cases  input  into  the  PPC  are 
shown  in  Figure  4  as  well  as  the  maximum  distance  from  the  origin  in  standard  normal 
space  at  which  a  5-dimensional  datum  could  be  considered  a  realization  of  a  5-  vector  of 

uncorrelated  standard  normal  random  variables  (4.53).  (This  is  the  straight  line  at  /3=4.53.) 
This  figure  shows  the  trend  that  as  damage  increases  in  the  structure  the  distance  measure 
in  standard  normal  space  also  increases.  The  data  near  beta  =12  correspond  to  the  first 
damage  case.  The  data  near  beta  =  50,  90  (smoother  curve),  and  110,  correspond  to  the 
second,  third,  and  fourth  level  damage  cases,  respectively.  The  data  near  beta  =  90  (more 


6.  CONCLUSIONS 

The  results  obtained  using  both  the  classical  PNN  and  the  PPC  were  quite  successful.  The 
damage  in  the  aerospace  housing  component  was  identified,  even  in  the  most  lightly 
damaged  case,  using  both  techniques.  These  ANNs  clearly  offer  a  robust  method  for 
assisting  in  the  identification  of  damage  in  structures. 

There  are,  however,  a  number  of  limitations  in  using  these  ANN  techniques.  The  first  is 
the  limitation  of  these  methods  to  provide  or  determine  the  location  and  extent  of  the 
structural  damage.  Further  research  in  these  ANNs  will  explore  the  combining  of  these 
techniques  with  data  condensation  methods  to  assist  identifying  the  location  and  ultimately 
the  extent  of  the  structural  damage.  Some  additional  research  will  focus  on  the  sensitivity  of 
these  ANNs  to  boundary  conditions.  Studies  will  be  done  to  assess  the  effects  that 
changing  test  configurations  might  have  on  the  ANN  results. 
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DISCUSSION 


Neural  Networks  for  Damage  Identification 


Speaker.  Paez 

Can  the  a  priori  probabilities  can  be  updated  if  you  have  information  that  your  network  made 
a  correct  or  wrong  prediction.  Can  this  be  done  in  an  adaptive  way?  — Carlos  Ferregut 

The  a  priori  probabilities  can  and  should  be  modified  adaptively  if  information  regarding  the 
outcome  of  successive  experiments  is  available.  Such  adaptation  is  usually  easy  to  implement 
because  the  a  priori  probabilities  can  be  specified  as  parameters  in  a  call  to  a  decision 
analysis  function  subroutine. 


Do  the  a  priori  probabilities  total  one?  — Mel  Siegel 

Yes,  the  a  priori  probabilities  total  one.  They  can  be  thought  of  as  conditioning  probabilities 
in  the  Bayes'  decision  analysis  implementation  of  the  network. 


What  are  the  loss  factors?  (Subjective?)  — Mel  Siegel 

The  loss  factor  Lx  is  the  loss  associated  with  the  decision  that  the  source  is  Y  when,  in  fact, 
the  source  is  X.  The  loss  factor  Ly  is  defined  similarly.  The  loss  factors  may  need  to  be 
specified  subjectively.  However,  there  are  situations  where  the  loss  associated  with  an  incor¬ 
rect  decision  can  be  specified  through  analysis,  economic  or  otherwise. 
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Recent  advances  in  NDE  technologies  for  aircraft  inspection 
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ABSTRACT 

A  review  of  progress  is  presented  of  several  techniques  under  development  at  NASA  Langley  Research 
Center  for  detection  and  quantification  of  flaws  in  aircraft  structures.  The  techniques  focus  on  the 
detection  of  cracks,  corrosion  and  disbonds  in  thin  laminated  structures.  The  techniques  range  from 
thermal  procedures  which  give  a  rapid  indication  of  the  regions  of  concern  to  eddy  current 
instrumentation  for  detecting  small  cracks  and  multilayer  corrosion.  Results  are  presented  on  specimens 
with  both  manufactured  defects  for  calibration  of  the  techniques,  specimens  removed  from  aircraft  and 
measurements  in  the  field  on  aircraft. 

Keywords:  NDE,  Crack  detection.  Corrosion  detection,  Eddy  Current,  Ultrasonics,  Thermography, 
Radiography 


1.INTRODUCTION 

The  NASA  Airframe  Structural  Integrity  Program  was  initiated  in  October,  1990  with  the  objective  of 
developing  methodologies  to  support  the  safe  and  reliable  operation  of  commercial  aircraft.  The 
program  has  three  principal  focuses;  Structural  Mechanics,  Fracture  Mechanics  and  Quantitative 
Nondestructive  Evaluation  (NDE).  The  Quantitative  Nondestructive  Evaluation  Program  has 
concentrated  on  the  development  of  inspection  techniques  to  detect  small  cracks,  disbonds  and 
corrosion  in  the  fuselage  with  emphasis  on  the  lap  joints  and  tear  straps. 

Four  methodologies  have  been  developed  to  detect  and  characterize  defects  in  the  airframes.  They  are 
based  on  eddy  current,  ultrasonic,  thermal  and  x-ray  excitations  of  the  structure.  The  eddy  current 
technique  is  based  on  a  new  probe  design  which  has  an  output  that  is  easily  interpreted  and  reduced 
sensitivity  to  lift  off  error.  It  detects  small  cracks  in  up  to  the  top  three  layers  of  a  laminated  structure 
and  characterizes  aluminum  thinning  in  first  and  second  layers.  The  ultrasonic  technique  is  a  pulse  echo 
based  technique  which  detects  disbonds  and  accurately  quantifies  aluminum  thinning  in  the  first  layer 
of  the  structure.  It  has  been  integrated  into  a  small  portable  scanner  to  enable  rapid  imaging  of  the 
corrosion  area.  The  thermal  technique  is  a  large  area  technique  capable  of  detecting  disbonds  and 
locating  regions  with  aluminum  thinning  of  10%  or  more.  Finally,  the  x-ray  technique  is  based  on  a 
novel  x-ray  concept  call  “reverse  geometry  x-ray”  which  enables  the  detection  of  interior  defects  in  the 
structure. 

The  techniques  are  complementary.  The  thermal  system  quickly  surveys  the  structure  to  locate  suspect 
regions.  The  ultrasonic  technique  verifies  the  presence  of  disbonds  and  accurately  quantifies  the 
corrosion  in  the  outer  layer.  The  eddy  current  technique  detects  small  cracks  and  accurately  quantifies 
aluminum  thinning  in  the  first  and  second  layer  and,  with  the  complementary  ultrasonic  data, 
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Figure  1.  Output  of  self  nulling  probe  during  rotation -around  rivet  with  37  mil  crack. 


determines  the  extent  of  aluminum  thinning  in  the  second  layer  as  compared  to  the  first  layer.  Finally,  x- 
ray  radiation  enables  the  detection  of  cracks  and  corrosion  in  thick  or  multilayered  structures. 

2.EDDY  CURRENT  SELF-NULLING  PROBE 

Eddy  current  techniques  are  among  the  most  common  used  for  detection  of  cracks  and  corrosion  in 
commercial  aircraft  structures.  A  new  probe  was  recently  developed  at  NASA  Langley  Research  Center 
for  performing  eddy  current  inspections1.  The  probe  has  two  concentric  coils  which  are  separated 
radially  and  at  one  end  by  an  electromagnetic  shield.  At  one  end  there  is  no  shielding  and 
electromagnetic  coupling  between  the  two  coils  when  the  probe  is  held  in  the  air.  If  a  high  frequency 
alternating  voltage  is  applied  to  the  outer  coil,  there  is  an  easily  detected  induced  voltage  in  the  inner 
coil.  When  the  open  end  of  the  probe  is  placed  against  a  thick  layer  of  highly  conductive  material,  the 
electro-magnetic  coupling  is  significantly  reduced  and  the  induced  voltage  in  the  inner  coil  is  reduced  to 
approximately  zero.  Therefore  the  probe  is  often  referred  to  as  a  self-nulling  probe. 

When  a  constant  voltage  is  applied  to  the  outer  coil,  the  amplitude  of  the  induced  voltage  in  the  inner 
coil  is  a  monotonically  increasing  function  of  the  coupling  between  the  two  coils.  The  extent  of 
coupling  depends  on  the  structure’s  ability  to  sustain  an  eddy  current  and  therefore  is  affected  by  the 
presence  of  cracks,  thinning  of  the  highly  conductive  sheet  and  other  structural  defects.  The  existence  of 
conditions  is  detectable  by  variations  in  the  amplitude  of  the  voltage  of  the  inner  coil.  An  advantage  of 
the  probe  is  the  simplicity  of  this  measurement  compared  to  traditional  eddy  current  measurements 
requiring  a  measurement  of  the  impedance  of  the  coil. 

The  most  mature  application  of  the  probe  has  been  the  detection  of  cracks  under  rivets  heads.  The 
presences  of  a  crack  significantly  reduces  the  generation  of  eddy  current  in  a  thin  aluminum  sheet. 
Therefore  as  the  probe  passes  over  a  crack,  there  is  a  significant  increase  in  the  induced  voltage  in  the 
inner  coil.  The  probability  of  detecting  a  crack  is  greatly  increase  by  rotating  the  probe  around  the  rivet. 
Regions  where  no  crack  exists  are  used  as  a  reference  against  which  to  compare  regions  with  cracks. 
The  output  voltage  for  the  probe  as  it  rotates  around  a  rivet  with  a  crack  is  shown  in  figure  1.  The 
rotation  of  the  probe  is  centered  on  the  rivet.  As  the  probe  passes  over  the  crack  a  90°,  there  is  a 
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Figure  2.  Probability  of  detecting  a  crack  of  a  given  length  using  the  rotating  self-nulling  probe.  POD 
study  performed  on  samples  at  FAA  Aging  Aircraft  NDI  Validation  Center. 

significant  increase  in  the  output  voltage  of  the  probe.  The  crack  is  a  37  mil  fatigue  crack  as  measured 
from  the  shank  of  the  rivet  and  therefore  is  totally  hidden  under  the  head  of  the  rivet.  As  can  be  seen 
from  the  figure,  there  is  a  significant  signal  from  the  crack.  The  rotating  probe  is  configured  in  an 
instrument  enabling  its  testing  at  the  FAA  Aging  Aircraft  NDI  Validation  Center2’3  in  Albuquerque, 
New  Mexico.  From  this  testing  a  POD  curve,  shown  in  figure  2,  was  generated.  This  POD  curve 
indicates  the  probability  of  detecting  a  32  mil  crack  is  90%,  which  enables  the  detection  of  small  cracks 
under  the  rivet  head. 
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Figure  4.  Head  with  rotating  self-nulling  probe  and  computer  controller. 

When  the  operating  frequency  of  the  probe  is  decrease,  the  generated  eddy  currents  penetrate  deeper 
into  the  conducting  layer.  This  enables  the  detection  of  cracks  that  are  in  the  second  and  third  layer  of  a 
multilayered  structure.  When  the  drive  frequency  is  reduced  to  3.5  kHz,  second  layer  cracks  are 
detectable.  The  output  of  the  probe  as  it  rotates  around  a  rivet  with  a  60  mil  EDM  notch  in  the  second 
layer  is  shown  in  figure  3.  The  response  from  the  crack  at  90°  is  significantly  greater  than  the  response 
for  rivets  with  no  cracks.  Insufficient  data  currently  exist  for  establishing  an  accurate  POD  curve  for 
this  measurement. 

Detection  of  cracks  in  the  third  layer  is  also  possible  with  this  system.  The  present  configuration  has 
been  tested  at  the  FAA  NDI  Validation  Center  on  panels  with  third  layer  cracks.  In  this  testing  the  90% 
POD  crack  length  was  found  to  be  200  mils.  Currently  probe  designs  are  being  considered  to  reduce 
the  active  region  of  the  probe  to  improve  its  sensitivity  to  cracks  in  the  third  layer. 

The  rotating  probe  has  been  developed  into  an  instrument  which  can  be  easily  carried  into  the  field  for 
inspection  of  aircraft.  The  head  on  which  the  probe  is  mounted  (shown  in  figure  4)  is  easily  held  in  one 
hand  against  the  surface  of  the  aircraft.  A  lap  top  computer  controller  provides  real  time  feedback  to  the 
operator  on  the  centering  error  of  the  rotation  relative  to  the  position  of  the  rivet.  When  the  centering 
error  is  less  than  a  preset  value,  the  computer  controller  captures  the  output  of  the  probe  for  a  single 
rotation  and  plots  the  output  on  the  computer  screen.  A  threshold  is  set  to  determine  if  a  crack  is 
present.  This  instrument  is  being  commercialize  to  enable  its  implementation  in  the  field. 


3.PORTABLE  ULTRASONIC  BOND  AND  CORROSION  INSPECTION  SYSTEM 

Ultrasonic  techniques  are  often  applied  to  the  detection  of  disbonds  and  thickness  gauging  in  layer 
structures.  In  relatively  thick  layers  where  the  echoes  from  the  front  and  back  surfaces  of  the  layers  are 
clearly  resolvable  this  is  simple.  However  in  thin  aluminum  sheets,  such  as  found  in  aircraft  fuselages, 
the  echoes  are  difficult  to  resolve  in  time.  For  this  case,  the  ultrasonic  response  of  the  layer  is  more  . 
difficult  to  interpret.  Quick  interpretation  of  ultrasonic  response  can  be  performed  with  an  artificial 
neural  network4.  The  input  into  the  neural  network  is  a  processed  ultrasonic  response  of  the  lap  joint  or 
tear  strap.  The  neural  network  quickly  classifies  the  region  as  being  bonded  or  disbonded.  Classification 
accuracy  is  close  to  100%,  even  in  the  presence  of  varying  paint  thicknesses. 
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Figure  6.  Portable  ultrasonic  scanner  with  computer  controller. 


Regions  which  have  been  classified  as  disbonded  may  also  have  corrosion  present.  From  the  same 
ultrasonic  response,  top  layer  thinning  can  be  quantified  by  analyzing  the  response  in  the  frequency 
domain.  Measurements  were  performed  on  a  series  of  samples  of  known  thicknesses.  A  comparison  of 
mechanical  measurements  and  ultrasonic  measurements  of  the  thickness  are  shown  in  Figure  5.  As  can 
be  seen  from  the  figure  the  agreement  between  the  two  is  excellent.  From  these  measurements,  it  was 
determined  the  technique  is  capable  of  measuring  the  thickness  of  the  upper  layer  to  within  3%. 

Real  time  imaging  of  defects  of  an  aircraft  is  performed  by  integrating  these  techniques  into  a  portable 
scanner  shown  in  figure  6.  Implemented  on  the  portable  scanner  is  a  ART2  (adaptive  resonance  theory) 


=>  MATERIAL  LOSS,  % 

Figure  5.  Comparison  of  ultrasonic  estimation  of  material  thinning  and  mechanical  measurement. 
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Figure  7a.  Ultrasonic  image  of  corrosion  in  Boeing  737  at  the  FAA  Aging  Aircraft  NDI  Validation 
Center. 


Imaged 

Region 


Figure  7b.  Photograph  of  corroded” section  of  Boeing  737  at  the”FAA  Aging  Aircratt  NDI  Validation 
Center. 

neural  network.  An  ART  neural  network  indentifies  only  the  disbonded  responses  for  the  layered 
structure.  This  reduces  the  time  and  number  of  responses  required  to  train  the  network.  A  portable 
scanner  has  been  programmed  to  allow  for  training  of  the  network  on  the  aircraft  if  necessary. 
Disbonded  responses  can  be  obtained  by  performing  measurements  near,  but  not  on  the  bonded  region 
to  be  inspected.  This  increases  the  versatility  of  the  system  and  enables  rapid  setup  on  most  aircraft.  The 
ultrasonic  response  of  the  structure  is  first  reduced  by  a  neural  network  to  determine  if  the  structure  is 
bonded  or  disbonded.  If  the  lap  joint  is  disbonded,  the  resonance  frequency  of  the  top  layer  is 
determined  from  a  Fourier  transform  of  the  response. 


The  thickness  of  the  layer  calculated  from  the  resonance  frequency  is  displayed  on  a  color  monitor  as  a 
color  coded  pixel.  The  process  is  real  time,  all  the  processing  being  performed  in  a  time  insignificant  to 
the  time  required  to  move  the  transducer  to  a  new  position.  The  result  is  a  real  time  image  of  the  extent 
of  disbonding  and  corrosion  in  the  lap  joint.  A  typical  image  is  shown  in  Figure  7.  This  shows  the 
results  of  measurements  on  a  section  of  the  Boeing  737  at  the  FAA  NDI  Validation  Center.  The 
corroded  region  is  clearly  seen  in  the  image.  The  shape  of  the  corroded  area  is  also  clearly  seen  in 
photographs  of  the  interior  of  the  aircraft.  The  advantage  of  the  ultrasonic  technique  is  an  image  of  the 
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corrosion  can  be  obtained  from  the  exterior  of  the  aircraft,  without  removing  insulation  or  other 
materials  which  would  inhibit  viewing  the  corrosion  directly.  Additionally  the  image  gives  a  accurate 
representation  of  the  residual  thickness  of  the  material. 


4.THERMOGRAPHIC  INSPECTION  SYSTEM 

A  large  area  technique  capable  of  detecting  disbonds  and  corrosion  is  the  relatively  new  technique  of 
thermography.  Thermographic  imaging  has  a  significant  advantage  over  other  techniques  in  that  it  does 
not  require  physical  contact  or  coupling  between  the  inspection  system  and  the  aircraft.  Infrared 
thermography  is  performed  with  an  infrared  imager  capable  of  scanning  large  areas  in  a  fraction  of  a 
second.  The  complete  inspection  of  a  square  meter  is  possible  in  3  to  4  minutes.  Recent  technological 
advancements  have  further  enhanced  thermographic  inspections,  significantly  increasing  the  reliability 
of  the  technique.  In  particular,  the  development  of  small  inexpensive  image  processors  and  computers 
have  permitted  precise  timing  of  the  application  of  heat,  an  increased  signal  to  noise  ratio  for 
thermographic  images  and  post  processing  of  the  thermographic  images.  The  reduction  in  size  of 
computers  and  image  processors  has  lead  to  portable  thermographic  inspection  systems  such  as  shown 
in  figure  8.  The  system  is  comprised  of  a  infrared  camera,  two  quartz  lamps  and  a  lap  top  computer  with 
special  image  processing  boards.  The  computer  controls  the  heating  and  the  acquisition  of  data.  The 
image  processing  boards  perform  real  time  analysis  of  the  data,  yielding  images  immediately  following 
the  heating  cycle. 

To  perform  measurements  on  aluminum,  a  thin  layer  of  high  emissivity  material  must  be  present  on  the 
surface.  Paint  is  typically  an  excellent  coating,  with  a  high  emissivity  independent  of  its  color  in  the  8- 
12  pm  region.  Therefore  aircraft  which  are  painted  typically  require  no  special  treatment  before 
inspection.  An  unpainted  aircraft  can  be  coated  with  commercially  available  water  washable  coatings  to 
increase  the  surface  emissivity. 

A  thermographic  inspection  involves  heating  the  surface  of  a  structure  and  measuring  surface 


Figure  8.  Portable  thermographic  inspection  system 
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Figure  9.  Thermographic  characterization  of  extent  of  thinning  in  40  mil  aluminum  sheet. 

temperatures  as  a  function  of  time.  For  aircraft  lap  joint  inspections,  flash  lamps  or  quartz  lamps  are 
used  to  apply  heat  to  the  exterior  surface  of  the  aircraft  and  the  temperature  of  the  exterior  surface 
temperature  is  measured  with  an  infrared  camera.  In  a  relatively  short  period  of  time,  heating  the 
surface  creates  temperature  differentials  which  indicate  the  presence  of  disbonds  or  corrosion.  These 
temperature  differentials  can  be  used  to  identify  regions  of  disbonding  or  corrosion. 

For  a  single  layer  of  aluminum,  it  is  possible  to  determine  the  amount  of  material  thinning  from  the 
thermographic  images5.  Images  of  material  thinning  in  a  single  layer  of  aluminum  with  5%,  10%  and 
15%  material  thinning  is  shown  in  Figure  9.  As  can  be  seen  from  this  image  there  is  good  agreement 
between  the  material  loss  as  estimated  from  this  technique  and  mechanical  measurements.  This 
relationship  is  only  accurate  while  there  is  not  significant  lateral  heat  flow  in  the  layer.  For  longer  times, 
lateral  heat  flow  reduces  the  contrast  between  corroded  and  noncorroded  regions. 


Figure  10.  Thermographic  image  of  corrosion  in  butt  joint. 
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Figure  11.  Quantification  of  extent  of  material  thinning  in  bonded  structure  fabricated  to  simulate 
structure  with  corrosion. 

Quantitative  measurements  in  multilayered  structures6  is  difficult,  requiring  separation  of  the  thermal 
response  of  the  aluminum  layers  from  layers  of  corrosion  products,  adhesive  materials  and  air  gaps. 
This  is  possible  if  the  initial  time  dependence  of  the  temperature  is  following  flash  heating  is  sampled  at 
1  KH,  but  this  measurement  is  difficult  with  infrared  imagers.  However  the  infrared  technique  is  still  an 
excellent  technique  for  detection  corroded  regions.  Results  have  indicated  corroded  regions  with 
material  loss  of  10%  or  more  are  easily  detected  with  this  technique.  A  thermographic  inspection  of  a 
butt  joint  specimen  with  corrosion  is  shown  in  Figure  10.  As  can  be  seen  from  the  figure  there  is 
extensive  corrosion  on  the  right  side  of  the  joint. 

5.REVERSE  GEOMETRY  X-RAY 

Radiographic  inspection  is  different  from  other  techniques  in  its  ability  to  perform  full  volume 
inspections.  Its  major  disadvantage  is  safe  application  limits  access  to  the  aircraft  during  the  inspection. 
However,  for  some  inspections,  x-rays  are  capable  of  detecting  flaw  which  are  inaccessible  with  other 
techniques.  A  recent  development  in  x-ray  radiography  call  “Reverse  Geometry  X-ray®”(“Reverse 
Geometry  X-ray”  is  a  registered  trade  mark  of  Digiray  Corporation,  San  Ramon,  CA)  offers  significant 
advantages  over  conventional  radiographic  techniques. 

The  principal  difference  between  “Reverse  Geometry  X-ray®”  imaging  and  conventional  radiography  is 
the  source.  For  conventional  radiography,  the  source  is  a  point  source  from  which  x-rays  are  emitted. 
The  structure  to  be  inspected  is  placed  a  sufficient  distance  from  the  source  to  illuminate  the  region  of 
interest.  For  “Reverse  Geometry  X-ray®”  the  source  is  a  scanned  source  which  is  placed  near  the 
structure.  In  contrast  to  conventional  radiography  where  an  area  detector  is  typically  used,  the  radiation 
intensity  for  “Reverse  Geometry  X-ray®”  is  measured  with  a  point  detector.  By  synchronization  of  the 
detector  output  with  the  position  of  the  x-ray  source,  an  x-ray  image  of  the  structure  being  inspected  is 
generated. 

There  are  several  advantages  in  scanning  the  source.  One  is  that  the  detector  can  be  designed  to  reduce 
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Figure  12.  Typical  reverse  geometry  x-ray  images  of  corrosion. 

the  amount  of  received  scattered  radiation,  which  causes  blurring  in  the  image.  Another  is  that  point 
detectors  can  be  made  which  are  much  smaller  than  conventional  x-ray  sources.  The  detector  can  be 
remotely  positioned  inside  a  structure  to  improve  the,  interpretability  of  the  images.  Finally,  more  than 
one  point  detector  can  be  used  at  a  time  to  yield  structural  depth  information. 

One  of  the  possible  applications  for  this  system  is  the  detection  and  quantification  of  corrosion.  The 
change  in  x-ray  intensity  after  the  x-rays  have  passed  through  a  structure  is  a  function  of  the  amount  of 
material  along  the  path  taken  by  the  x-rays.  Since  this  functional  dependence  is  well  known,  it  is 
possible  to  determine  from  the  change  in  intensity,  the  amount  of  material  loss  along  the  path.  The 
results  of  measurements7  performed  on  a  series  of  specimens  fabricated  to  simulate  corrosion  are  shown 
in  figure  11.  As  can  be  seen  from  the  figure  there  is  generally  good  agreement  between  mechanical 
measurements  and  measurements  from  the  “Reverse  Geometry  X-ray  ”  system.  While  the  overall 
agreement  is  within  2%  of  the  mechanically  measured  value,  several  points  have  a  large  deviation  from 
the  mechanical  measurements.  This  may  be  a  result  of  corrosion  products  being  packed  into  the 
corroded  area.  If  the  corroded  area  is  packed  with  corrosion  products,  the  attenuation  of  the  x-rays,  as 
they  passed  through  the  corrosion  products,  will  result  in  an  apparent  increase  in  the  thickness  of  the 
layer.  Other  efforts  have  shown  it  is  possible  to  eliminate  this  error  by  performing  measurement  at 
several  different  x-ray  energies.  Typical  images  of  corroded  aircraft  components  are  shown  in  figure  12. 

6.SUMMARY 

New  techniques  have  been  developed  for  the  detection  and  quantification  of  corrosion.  The  four 
techniques  presented  here  are  eddy  current,  ultrasonic,  thermographic  and  x-ray  technologies.  Each  of 
the  techniques  complement  the  others  by  filling  an  inspection  requirement.  The  thermographic 
technique  performs  rapid  surveys  of  the  structure  to  locate  corroded  regions.  The  ultrasonic  technique 
accurately  determines  the  thickness  of  the  top  layer.  The  eddy  current  is  able  to  quantify  the  material 
loss  in  one  than  more  layer.  Finally  the  x-ray  technique  is  able  to  detect  corrosion  in  built  up  structures. 
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ABSTRACT 

A  model-based  approach  to  fault  detection  is  adopted,  based  on  Lamb  wave  data. 

Input  and  output  data  are  collected,  where  the  output  wave  has  been  scattered  by  a 
defect,  and  a  NARMAX  time-series  model  is  estimated.  In  order  to  account  for  the  po¬ 
tential  non-uniqueness  of  the  NARMAX  model,  the  Higher-order  Frequency  Response 
Functions  (HFRFs),  which  are  invariants  of  the  system,  are  computed.  In  this  prelim¬ 
inary  study,  it  is  shown  that  the  gain  of  the  third  HFRF  is  correlated  with  the  defect 
size  and  therefore  has  potential  as  a  feature  for  signalling  and  sizing  damage. 

Keywords:  Model-based  NDE,  Lamb  waves,  NARMAX  models,  Higher-order  Frequency  Response 
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1.  INTRODUCTION 

Ultrasonic  Inspection  of  structures  using  Lamb  waves  has  been  discussed  by  a  number  of  authors1-6, 
who  reported  on  its  use  to  detect  various  material  failures  in  composites,  including  delaminations, 
fibre  fracture  and  matrix  cracking.  The  technique  has  advantages  over  the  conventional  C  scan,  the 
main  one  being  its  ability  to  scan  the  structure  along  a  line,  as  opposed  to  the  C  scan  which  makes 
a  point  by  point  scan  of  the  structure.  The  potential  reduction  in  inspection  time  is  significant.  A 
possible  disadvantage  is  its  comparatively  lower  resolution. 

The  works  cited  above  achieved  their  objectives  by  using  signals  of  consideable  purity  and  measuring 
simple  features  from  the  time-histories  of  the  wave  intensity.  Reflections  and  transmissions  from 
defects  were  identified  and  damage  was  localised  using  time-of-flight  information.  A  rather  different 
approach  was  adopted  in  the  studies7,8,  where  the  emphasis  was  on  more  complex  signal  processing. 
In  these  recent  works,  novelty  detectors  were  constructed  which  signalled  damage  in  composites  on 
the  basis  of  raw  time-histories  of  the  wave  intensity,  the  defects  were  also  located  with  accuracy.  This 
also  served  to  automate  the  process  of  fault  detection.  The  novelty  detectors  were  based  on  wavelet 
analysis7  and  a  neural  network8  and  the  basic  principal  was  of  pattern  recognition;  a  scalar  novelty 
index  was  required  to  report  patterns  which  deviated  significantly  from  the  norm.  The  approaches 
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were  data-based  in  the  sense  that  the  diagnosis  was  made  on  raw  or  processed  measurement  data. 
An  alternative  approach  to  damage  detection  is  model-based,  where  the  data  is  used  to  construct  a 
model  at  each  inspection  and  damage  is  inferred  by  deviations  in  the  model  structure.  The  object 
of  this  paper  is  to  investigate  if  Lamb  wave  observations  can  be  used  to  construct  a  model-based 
diagnostic. 

In  order  to  establish  an  input-output  process  model,  it  is  necessary  to  have  input  and  output  data, 
this  is  achieved  here  by  sampling  the  Lamb  wave  intensity  before  and  after  scattering  by  a  defect. 
The  process  model  used  is  a  polynomial  NARMAX9,10  model  which  can  be  used  to  represent  almost 
arbitrary  nonlinear  systems.  Although  NARMAX  models  can  represent  the  input-output  process 
with  great  accuracy,  it  is  known  that  they  are  not  unique.  This  means  that  the  model  parameters 
can  not  be  used  as  features  for  damage  detection  as  the  coefficients  may  change  between  inspection 
for  an  entirely  innocent  reason.  The  way  around  this  problem  is  to  construct  invariant  features  from 
the  models,  and  in  this  case  the  Higher-order  Frequency  Response  Functions  (HFRFs)11  are  used. 

The  layout  of  the  paper  is  as  follows:  section  two  serves  to  introduce  the  NARMAX  models  and 
section  three  describes  the  HFRFs.  Section  four  describes  the  basic  properties  of  Lamb  waves  and 
describes  the  experimental  procedures  followed  for  this  study.  Section  five  gives  the  results  for  Lamb 
wave  scattering  from  a  number  of  simple  defects  in  an  Aluminium  plate.  The  paper  then  concludes. 

2.  NARMAX  MODELS 

The  NARX  model9  (Nonlinear  Auto-Regressive  with  eXogenous  inputs)  of  a  system  is  based  on  a 
discrete-time  representation,  which  maps  sampled  input  data  Xi  into  sampled  output  data  t/j.  The 
functional  form  of  the  model  is  simply, 

Vi  =  F(yi-l  >  •  •  •  >  Vi-Tiy  t  ®»— 1  >  •  •  •  J  ®t-n*  )  ( 1 ) 

and  this  reveals  the  source  of  the  name;  the  present  output  y<  is  regressed  on  the  last  ny  values  of 
the  output  and  on  the  last  nx  values  of  the  exogenous  input  xt.  The  function  F  can  be  arbitrary, 
but  a  useful  choice  is  to  make  F  a  multinomial  in  the  variables.  An  example  of  a  NARX  model  of 
cubic  polynomial  order  is, 

yt  =  ox  yi-i  +  a2yi-2  +  &i®»-i  +  cyt- 1  (2) 

where  a\,a2  and  bi  are  the  parameters  of  the  model  which  are  chosen  by  making  the  model  respond 
as  closely  to  the  real  system  as  possible  on  a  given  measured  input  sequence.  The  usual  technique  for 
fitting  parameters  is  by  least-squares  optimisation  and  there  are  a  number  of  ways  of  implementing 
this  numerically,  the  method  used  here  is  based  on  the  orthogonal  estimator12. 

In  the  restricted  case  of  a  linear  system,  the  relevant  model  is  the  ARX  model, 

n>  nT 

Vi  = 

7  = 1  7=1 

It  has  been  proved9,10  under  very  mild  assumptions,  that  any  input-output  process  has  a  represen¬ 
tation  by  a  model  of  the  form  (1).  And  if  the  system  nonlinearities  are  polynomial  in  nature,  this 
model  will  represent  the  system  well  for  all  levels  of  excitation.  If  non-polynomial  terms  are  needed 
in  the  expansion  for  F,  they  can  be  added  without  difficulty. 
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The  preceding  analysis  unrealistically  assumes  that  the  measured  data  is  free  of  noise.  In  reality 
noise  arises  from  the  truncation  error  associated  with  finite-accuracy  instrumentation  and  arithmetic 
etc.  If  the  measured  signal  y(t )  is  composed  of  a  ’clean’  process  part  yc(t)  and  a  noise  component 
C( t ),  the  relationship  between  input  and  output  is  changed.  For  example,  the  equation  relating 
measured  input  and  output  for  the  system  (2)  becomes, 

Vi  —  O-lVi-l  +  ®2Z/t-2  +  &l*i-l  +  cyf- 1 

+  (i  —  ®lC»— 1  —  a2(i-2  +  +  Cyi-lCi-1  +  (i-1  (4) 

and  even  simple  additive  noise  on  the  output  introduces  cross-product  terms  if  the  system  is  non¬ 
linear.  Although  these  terms  all  correspond  to  unmeasurable  states  they  must  be  included  in  the 
model.  If  they  are  ignored  the  parameter  estimates  will  generally  contain  systematic  errors  called 
bias.  The  system  model  (1)  is  therefore  extended  by  the  addition  of  a  noise  model  so, 

Vi  =  F(yi-1,  ■  ■  ■  i  Ui-ny  j  *t-li  •  •  •  i  *t-7i*  i  Ct-1  >  •  •  •  )  Ct-n^  )  “f”  Ci  (5) 

This  type  of  model  is  referred  to  as  NARMAX  (Nonlinear  Auto-Regressive  Moving-Average  with 
eXogenous  inputs).  Actually,  in  forming  a  NARMAX  model,  it  is  assumed  that  the  system  noise  is 
the  result  of  passing  a  zero-mean  white  noise  sequence  {e^}  through  a  (possibly  nonlinear)  digital 
filter,  such  a  noise-model  is  called  a  Moving- Average  model,  the  final  form  of  the  NARMAX  model 
is  therefore, 

Vi  ~  •  •  •  j  yi—ny  j  ®t-l)  •  •  •  j  *1-71*1  6t-li  ■  ■  •  i  et-ne)  4"  Ct  (6) 

This  then,  is  the  model  structure  adopted  for  this  study,  the  problem  of  deciding  which  terms 
should  be  in  the  model  is  essentially  solved  using  a  forward  selection  algorithm  and  the  coefficients 
are  established  using  orthogonal  least-squares12. 

Having  obtained  a  model,  it  is  important  to  validate  it,  there  are  several  metrics  for  evaluating  the 
goodness-of-fit  of  a  model.  Three  commonly  used  metrics  are  described  below  in  increasing  order 
of  stringency.  In  the  following,  y*  denotes  a  measured  output  while  y*  denotes  an  output  value 
predicted  by  the  model.  The  first  metric  is  the  One-Step-Ahead  (OSA)  prediction  error. 

Given  the  NARMAX  representation  of  a  system  (6),  the  one-step-ahead  prediction  of  yi  is  made 
using  measured  values  for  all  past  inputs  and  outputs.  Estimates  of  the  residuals  are  obtained  from 
the  expression  =  y*  —  y*  i.e. 

yOSA,i  ~  -F(yt_l  j  •  •  •  j  3/t-nv  i  *t-l )  •  •  •  j  *i-7i*  j  Ct— 1  j  •  •  •  j  6t-7i.t  )  (1) 

The  one-step-ahead  series  can  then  be  compared  to  the  measured  outputs.  Good  agreement  is 
clearly  a  necessary  condition  for  model  validity. 

The  second  metric  is  Model-Predicted-Output  (MPO)  error.  In  this  case,  the  inputs  are  the  only 
measured  quantities  used  to  generate  the  model  output,  i.e. 

yMPo,i  =  F(yMpo,i-i,  ■  ■  ■ ,  yMPo, i-nv ;  *;-i,  •  •  ■ ,  *t-nx;  0,  •  •  • ,  0)  (8) 

The  zeroes  are  present  because  the  prediction  errors  will  not  generally  be  available  when  one  is 
using  the  model  to  predict  output.  This  test  is  usually  stronger  than  the  previous  one;  in  fact  the 
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one-step-ahead  predictions  can  be  excellent  in  some  cases  when  the  model  predicted  output  shows 
complete  disagreement  with  the  measured  data. 

The  final  metrics  are  the  correlation  tests 13  and  these  are  the  most  stringent  of  the  validity  checks. 
The  correlation  function  <j>uv{k )  for  two  sequences  of  data  Ui  and  vt  is  defined  by 

N-k 

<t>uv  =  E(UiVi+k)  «  — ^2  UiVi+k  (9) 

i= 1 


For  a  linear  system  it  is  known13  that  necessary  conditions  for  model  validity  are 

^ee(^)  =  S0k  (10) 

<f>xt(k)  =  0  V&  (11) 

and  the  interpretation  of  these  tests  is  well-known. 

In  the  case  of  a  nonlinear  system  it  is  sometimes  possible  to  satisfy  the  requirements  above  even  if 
the  model  is  invalid.  It  has  been  shown13  that  an  exhaustive  test  of  the  fitness  of  a  nonlinear  model 
requires  the  evaluation  of  three  additional  correlation  functions.  The  extra  conditions  are 


</>e(ex)(k )  =  0  VA  >  0 

<W*)  =  0  Vk 
<j>x2’e3(k)  =  0  VA 


(12) 

(13) 

(14) 


The  dash  which  accompanies  x2  above  indicates  that  the  mean  has  been  removed.  Normalised 
estimates  of  all  the  correlation  functions  above  are  obtained  using 


4>u v(k) 


1 _ X'N-k.,  ,, 

-k2->i=l  uivi+k 


N-k 


A  >  0 


(15) 


{E{vZ)E{v})y 

with  a  similar  expression  for  k  <  0.  The  normalised  expression  is  used  because  it  allows  a  simple 
expression  for  the  95%  confidence  interval  for  a  zero  result,  namely  ±1.96 j 

Finally,  as  stated  above,  the  NARMAX  model  is  not  necessarily  unique  for  a  given  system  and 
invariant  features  are  needed  for  fault  detection.  Given  a  NARMAX  model,  such  invariants,  the 
Higher-order  FRFs  can  be  constructed  straightforwardly,  and  are  described  in  the  next  section. 


3.  HIGHER-ORDER  FREQUENCY  RESPONSE  FUNCTIONS 


It  is  well-known  that  any  linear  system  or  input-output  process  x(t )  — >  y{t)  can  be  realised  as  a 
mapping 

/+0O 

dr  h(r)x(t  —  t)  (16) 

-OO 

where  h(r)  uniquely  characterises  the  system.  Also  well-known,  is  the  dual  frequency-domain 
representation, 

Y(u)  =  H{u)X(u>)  (17) 
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where  Y(u>)  (resp.  X(u))  is  the  Fourier  transform  of  y(t)  (resp.  x(t)).  H(u>)  is  the  linear  system 
Frequency  Response  Function  (FRF).  These  equations  are  manifestly  linear  and  cannot  hold  for 
nonlinear  systems.  However,  an  appropriate  generalisation  of  (16)  exists14,  and  it  takes  the  form  of 
an  infinite  series, 

y(t)  =  Vi(t)  +  y2(t)  +  y3(t)  +  . . .  +  yn(t)  +  . . .  (18) 

where 

/+oo  f+CO 

...  dT1..,dTnhn(T1,...,Tn)x(t-T1)...x(t-Tn)  (19) 

-oo  J — oo 

The  functions  hn  are  referred  to  as  the  Volterra  kernels. 

As  in  the  linear  case,  there  exists  a  dual  frequency-domain  representation  for  nonlinear  systems  based 
on  the  higher-order  FRFs  (HFRFs)  or  Volterra  kernel  transforms ,  i?n(u>i, . . .  ,u >n),  n  =  1, . . . ,  oo 
which  are  defined  as  the  multi-dimensional  Fourier  transforms  of  the  kernels. 

J/»( un, . . . ,0  =  /+“  •  •  •  /+°V  ...*■„  Mn,  ■  ■  .  ,rn)e-’«">T‘+' (20) 

J —oo  J —  oo 

« 

Given  a  model  of  a  system  whether  it  is  continuous-time  or  discrete-time  there  are  a  number 
of  methods  for  determining  the  kernels  for  a  given  system;  possibly  the  most  well-known  is  the 
method  of  harmonic  probing14.  An  effective  and  efficient  recursive  variant  of  the  algorithm  has 
been  obtained15  and  is  the  form  used  in  this  study. 

The  advantage  of  characterising  nonlinear  systems  with  the  HFRFs  is  that  they  represent  uniquely 
the  transfer  characteristics  where  the  NARMAX  model  (or  even  a  differential  equation  model  for 
that  matter)  does  not.  The  model  coefficients  and  terms  can  change.  As  the  object  of  this  paper  is 
damage  detection,  it  is  inadvisable  to  use  features  which  can  change  from  one  normal  condition  to 
another,  as  such  innocent  changes  in  the  model  may  be  interpreted  as  damage. 

4.  THE  LAMB  WAVE  EXPERIMENTS 

The  basic  facts  of  Lamb  wave  propagation  are  fairly  straightforwardly  explained16.  They  are  simply 
thin-plate  elastic  waves.  Amongst  their  other  properties,  they  are  dispersive  and  can  propagate  in  a 
number  of  modes,  and  these  facts  can  complicate  the  practical  use  of  the  waves.  The  propagation  is 
typically  characterised  by  the  product  of  the  wave  frequency  and  the  sample  thickness,  or  frequency- 
thickness  product  (FT),  and  can  be  summarised  effectively  by  the  dispersion  curves  which  show  the 
phase  velocity  for  a  given  Lamb  wave  mode  at  a  given  FT.  For  low  values  of  FT  (typically,  FT  <  1 
MHz. mm  in  Aluminium),  only  two  modes  can  propagate,  the  fundamental  symmetric  (5o)  and  the 
fundamental  antisymmetric  (A0)  As  the  frequency-thickness  product  increases,  so  does  the  number 
of  allowed  modes.  Clearly  Lamb  wave  testing  is  considerably  simplified  if  a  known  single  mode 
is  launched  over  a  non-dispersive  region  of  the  FT  product,  and  the  symmetric  mode  Sq  is  used 
throughout  this  study. 
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Selection  of  a  given  mode  at  a  given  FT  is  by  adjusting  the  coupling  angle  of  the  launch  transducer 
to  the  propagating  medium.  Consider  Figure  1  which  shops  the  basic  experimental  setup  used 
for  this  study.  Perspex  wedges  are  typically  used  to  couple  the  transducer  to  the  plate.  If  the 
wavelength  in  the  coupling  medium  (resp.  plate  material)  is  Ac  (resp.  Am,  it  follows  simply  from 
the  geometry  in  Figure  1  that, 

sin  0  =  ■—  (21) 

Assuming  the  standard  relation  c  =  / A  between  wave  velocity  and  wavelength  (/  is  frequency),  it 
follows  that, 

9  =  sin-1  —  (22) 

Cm 

where  cc  is  the  longitudinal  wave  velocity  in  the  coupling  medium  and  cc  is  the  phase  velocity  of 
the  required  mode  in  the  plate,  and  the  latter  is  obtained  from  standard  dispersion  curves  for  the 
material16.  Each  mode  has  a  distinct  phase  velocity,  so  by  choosing  6  accordingly  it  is  possible  to 
launch  a  pure  mode.  For  a  perspex  wedge  coupled  to  a  1mm  thick  Aluminium  plate  as  used  here, 
the  appropriate  angle  to  launch  a  So  wave  is  about  31°.  To  provide  effective  acoustic  coupling  at 
the  various  interfaces  in  the  experiment,  silicon  gel  was  used. 

In  this  study,  lamb  waves  were  generated  by  a  Hewlett-Packard  (HP)  arbitrary  function  generator 
33120  A  amplified  by  a  ENI  class  A  RF  amplifier,  model  2100L.  The  transducers  were  Panametrics 
A402-SB,  resonant  at  1  MHz.  Perspex  variable  angle  wedges  were  used.  The  output  data  was 
recorded  using  a  HP  TDS  420  oscilloscope  in  combination  with  a  personal  computer  running  the 
HP  acquisition  software  BENCHLINK.  The  reason  for  choosing  the  arbitrary  function  generator 
rather  than  a  simple  pulser-receiver  is  that  system  identification  or  model  identification  is  best 
performed  using  a  wideband  input  signal  and  it  was  possible  to  produce  a  pseudo-random  Lamb 
wave  spanning  the  frequency  range  0.0  MHz  to  1.0  MHz  using  the  equipment  described.  The 
bandwidth  of  the  signal  is  limited  by  two  factors.  In  the  first  case,  the  transducers  are  resonant  at 
1  MHz  and  their  response  falls  at  frequencies  removed  from  this  value.  Secondly,  in  order  to  launch 
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a  non-dispersive  broadband  signal  in  a  single  mode,  there  should  be  a  flat  region  of  the  dispersion 
curve  over  the  frequency  range.  The  input  signal  was  obtained  by  generating  a  sequence  of  15000 
normally  distributed  numbers  and  then  filtering  with  a  seventh-order  Butterworth  filter.  The  low 
pass  was  designed  with  a  cut-off  frequency  of  1.5  MHz  with  a  gain  attenuation  of  -40  dB  at  2  MHz. 

The  input  signal  for  the  identification,  was  the  input  to  the  arbitrary  function  generator  and  the 
output  was  taken  from  the  output  transducer.  Note  that  the  output  signal  is  essentially  convolved 
with  the  impulse  response  transducer  so  the  identification  necessarily  shows  a  component  due  to 
the  transducer.  This  does  not  present  a  problem  for  damage  detection  purposes  as  long  as  the  same 
transducer  is  always  used  in  the  inspection  process.  30000  points  of  the  input  and  output  data  were 
sampled  at  10  MHz. 

All  together,  four  plates  were  tested.  The  first  was  fault-free.  The  second  had  a  2mm  hole  drilled  in 
the  centre.  The  third  had  a  10  x  0.4  mm  slot  in  the  centre,  aligned  parallel  with  the  Lamb  wavefront 
and  the  final  plate  had  a  40  x  0.4  slot. 


0.05 


Raw  input  data 


0 


-0.05 


Figure  2.  Time-history  and  power  spectrum  of  system  input:  faultless  plate. 
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5.  RESULTS 


The  first  set  of  results  discussed  is  for  the  fault-free  plate.  The  input  and  corresponding  output 
time-histories  for  the  experiment  are  shown  with  their  power  spectra  in  Figures  2  and  3  respectively. 
The  parts  of  the  data  with  low  intensity  are  essentially  included  in  order  to  estimate  accurately  the 
delay  between  input  and  output,  note  that  the  signal  does  not  decay  away  immediately  as  there  are 
multiple  reflections  of  the  wave  within  the  plate  etc.  which  contribute  to  the  decaying  field. 


Figure  3.  Time-history  and  power  spectrum  of  system  output:  faultless  plate. 


Before  fitting  the  NARMAX  model,  a  little  pre-processing  was  required.  Figures  2  and  3  show  that 
the  delay  for  the  signal  transmission  between  input  and  output  measurement  points  was  about  1000 
samples  or  100  microseconds.  Using  the  velocities  of  sound  in  Aluminium  and  perspex  a  delay  of 
96  microseconds  was  estimated.  Subsequent  signal  processing  revealed  a  value  of  95.8  microseconds 
which  shows  excellent  agreement.  In  order  to  generate  a  causal  NARMAX  model,  the  output  data 
was  shifted  by  the  time-delay  plus  20  samples.  The  data  was  also  normalised  in  an  attempt  to 
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elminate  effects  due  to  variations  in  the  coupling  between  transducer  and  plate.  Only  1000  points 
of  pre-processed  input  and  output  data  were  used  to  fit  the  model  as  shown  in  Figure  4. 


Shifted,  truncated  and  normalised  input 


Both  linear  and  nonlinear  NARMAX  models  were  fitted  to  the  data.  The  linear  model  proved  to 
be  completely  acceptable  as  the  correlation  tests  in  Figure  5  show  clearly,  all  the  curves  fall  within 
the  95%  confidence  bounds  for  a  zero  result.  The  OSA  and  MPO  predictions  were  both  excellent, 
it  is  considered  sufficient  to  give  here  only  the  most  stringent  validity  check. 

The  linear  model  needed  50  process  (non-noise)  terms  and  lags  up  to  the  99tK  were  needed  in 
both  input  and  output.  Because  the  model  is  linear,  the  system  has  no  higher-order  FRFs.  If 
the  identified  models  for  the  faulted  plates  are  nonlinear,  the  HFRFs  will  exist  and  may  serve  as 
features  for  fault  detection. 
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correlation  functions 


Figure  5.  Correlation  tests  for  linear  model:  faultless  case. 


The  second  plate  investigated  was  the  plate  with  2mm  hole.  The  same  input  sequence  was  used  as 
before.  Again  linear  and  nonlinear  NARMAX  models  were  attempted.  In  this  case  however,  it  was 
necessary  to  go  to  a  nonlinear  model  of  cubic  order  in  order  to  obtain  acceptable  correlation  tests 
and  model  predictions.  69  model  terms  were  needed:  the  32  most  significant  terms  were  all  linear, 
the  remainder  of  the  model  contained  nonlinear  terms.  Lags  of  up  to  96  were  needed  in  the  output, 
up  to  93  in  the  input.  Note  that  different  linear  model  terms  appeared  than  in  the  fault-free  case. 

In  this  case,  the  model  is  nonlinear  with  some  cubic  model  terms.  This  means  that  the  HFRFs 
exist  and  can  potentially  be  used  to  signal  damage.  The  HFRFs  are  obtained  by  harmonic  probing 
of  the  model.  The  majority  of  the  nonlinear  terms  were  cubic,  so  the  study  from  this  point  will 
consider  the  third-order  HFRF,  although  second  order  terms  were  present  in  the  model  and  did 
generate  a  second-order  HFRF.  Figure  6  shows  the  third-order  FRF.  Note  that  the  HFRF  depends 
on  three  frequency  variables  and  is  also  complex.  In  order  to  visualise  the  function,  the  restriction 
to  the  frequency  plane  f\  =  fz  was  made  and  only  the  magnitude  of  the  complex  quantity  was 
shown  i.e.  Figure  6  depicts  /2>  /i)|-  The  topography  of  the  FRF  shows  two  sets  of  distinct 
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ridges  emerging  from  background  noise.  The  ridge  structures  are  a  manifestation  of  third-order 
nonlinear  coupling  in  the  model,  the  important  point  is  that  any  variations  in  the  model  structure 
due  to  non-uniqueness  will  still  generate  the  same  ridge  structure  as  this  simply  reflects  the  physical 
interactions  between  frequencies  as  a  result  of  nonlinearity.  Note  that  the  peak  gain  is  around  0 
dB. 


fl  (normalised) 


Figure  6.  Magnitude  of  H3  for  the  plate  with  2mm  hole. 

The  third  case  investigated  was  a  plate  with  a  10  x  0.4  mm  slot  generated  by  spark  erosion.  The  fault 
was  seeded  with  a  2  mm  hole.  As  before,  linear  and  cubic  nonlinear  models  were  fitted.  Although 
neither  model  gave  perfect  correlation  tests,  the  nonlinear  model  showed  better  results  and  the 
MPO  error  was  lower.  The  reason  for  slight  deviations  in  the  correlation  tests  can  sometimes  be 
attributed  to  a  failure  to  model  quartic  and  higher  terms.  As  the  number  of  candidate  model  terms 
grows  combinatorially  with  the  number  of  lags  and  nonlinear  order  it  was  considered  prohibitive  to 
consider  a  quartic  model.  97  input  lags  and  94  output  lags  were  the  maxima  and  the  total  process 


239 


model  contained  81  terms.  It  should  be  pointed  out  that  all  the  models  fitted  in  this  study  included 
nonlinear  noise  models.  However,  the  noise  models  are  simply  there  to  ensure  that  the  process 
models  are  unbiased  and  they  take  no  part  in  the  computation  of  the  HFRFs. 

Figure  7  shows  the  cubic  FRF  for  the  plate  with  10  mm  slot.  The  characteristic  ridges  are  present 
but  more  prominent  than  before.  On  this  occasion,  the  peak  gain  has  been  raised  to  approximately 
20  dB.  A  marked  increase  on  the  2mm  hole  plate. 


fl  (normalised) 


Figure  7.  Magnitude  of  f?3  for  the  plate  with  10mm  slot. 

The  final  plate  considered,  had  a  40  x  0.4  mm  slot,  generated  as  before.  Both  linear  and  cubic 
models  were  fitted,  the  cubic  model  gave  a  lower  MPO  error  and  arguably  better  correlation  test 
results.  The  cubic  model  contained  47  terms  including  the  915t  lag  in  output  and  87th  lag  in  input. 
As  before,  the  dominant  terms  were  linear  and  the  majority  of  nonlinear  terms  were  cubic.  The 
third-order  HFRF  was  computed  and  is  given  in  Figure  8.  Again,  the  characteristic  ridges  are 
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prominent.  The  gain  has  increased  markedly  from  the  10mm  slot  plate,  rising  to  approximately  40 

dB. 


fl  (normalised) 


Figure  8.  Magnitude  of  H3  for  the  plate  with  40mm  slot. 

DISCUSSION  AND  CONCLUSIONS 

It  appears  that  a  model-based  approach  to  Lamb  wave  inspection  of  plates  is  possible.  In  the 
situations  considered  here,  the  model  is  a  input-output  model  where  the  input  is  a  signal  injected 
into  the  Lamb  wave  transducer  and  the  output  is  a  Lamb  wave  intensity  measured  after  the  wave 
has  been  transmitted  over  a  possible  defect.  Because  the  NARMAX  models  considered  here  are 
not  unique  they  have  transformed  into  Higher-order  Frequency  Response  Functions  (HFRFs).  It 
has  been  demonstrated  that  the  existence  of  a  ff3  HFRF  appears  to  be  an  indicator  of  damage  and 
that  the  magnitude  of  the  quantity  is  correlated  with  the  defect  size. 
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There  are  a  number  of  points  which  should  be  discussed  before  this  methodology  could  be  proposed 
for  practical  inspection.  In  the  first  case,  the  fitting  of  NARMAX  models  and  HFRFs  is  rather 
time-consuming  and  faster  algorithms  and  processors  would  be  needed  in  order  to  make  the  method 
practical  for  on-line  inspection.  The  second  important  point  relates  to  the  confidence  which  the 
HFRF  allows  in  the  assertion  that  damage  has  taken  place.  The  signals  and  noise  are  stochastic 
and  different  observations  will  lead  to  slightly  different  HFRFs.  One  must  be  confident  that  an 
observed  variation  in  the  features  is  truly  due  to  damage  and  not  just  a  statistical  variation  in 
normal  condition.  In  connection  with  this,  a  method  for  generating  confidence  bounds  for  HFRFs 
has  recently  been  obtained17.  The  final  point  for  consideration  relates  to  the  existence  of  the  Volterra 
series  and  consequently  the  existence  of  the  HFRFs.  Conditions  are  known  for  existence18  and  are 
satisfied  by  the  model  structures  given  here.  Another  problem  relates  to  the  convergence  of  the 
Volterra  series,  and  if  convergence  is  assured,  where  the  acceptable  cut-off  for  truncation  is.  These 
matters  are  not  yet  settled  and  should  be  before  the  interpretation  of  the  HFRFs  can  be  carried 
out  with  total  confidence. 
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DISCUSSION 


Model-based  fault  detection  using  Lamb  waves 


Speaker:  Worden 

In  order  to  correlate  physical  damage  (to  the  structure)  to  the  nonlinearity  in  your  algorithm, 
it  will  be  necessary  to  fully  understand  the  nature  of  the  interaction  of  lamb  waves  with 
defects.  It  would  also  be  difficult  to  detect  very  small  fatigue  cracks  using  very  low  fre¬ 
quency  lamb  waves-  the  effects  will  be  below  noise  level  in  real  data.  Contrary  to  your  claim 
regarding  past  research  on  lamb  waves,  there  has  been  extensive  work  on  it  in  the  U.  S.  (Mai 
and  Guo,  Bar-Cohen,  Chimenti,  etc.).  — Ajit  Mai 

As  I  indicated  in  the  presentation,  an  understanding  of  the  interaction  of  Lamb  waves  with 
defects  is  essential  if  the  results  of  this  preliminary  study  are  to  be  carried  forward.  I  agree 
with  Professor  Mai,  that  there  are  difficulties  associated  with  the  detection  of  small  defects 
using  low  frequency  Lamb  waves.  The  method  presented  is  not,  in  principle,  restricted  to  low 
frequency.  However ,  the  presence  of  many  modes  at  higher  frequencies  will  almost  certainly 
mean  that  more  complex  input-output  models  are  needed,  so  testing  at  higher  frequencies 
may  well  be  impractical,  we  intend  to  investigate.  Finally,  as  1  recall,  I  made  no  claims  at  all 
regarding  the  past  Lamb  wave  research.  The  six  papers  cited  in  the  current  paper  happen  to 
be  those  that  I  had  at  hand;  there  was  no  intention  to  present  a  comprehensive  survey.  If  that 
had  been  my  intention  there  would  have  been  many  references  in  the  US  work. 


I  would  be  interested  in  knowing  how  you  are  defining  “damage”?  How  is  it  related  to  your 
“linear  to  non-linear”  detection  requirement?  — D.  O.  Thompson 

“ Damage  ”  in  the  context  of  this  paper  is  a  change  in  the  initial  virgin  state  of  the  structure 
from  linear  to  nonlinear.  This  is  because  the  diagnostic  detects  non-linearity.  This  clearly 
does  not  encompass  all  damage  states  of  interest;  exactly  which  states  it  does  appliy  to  is  a 
subject  for  further  research.  To  refer  back  to  the  first  question,  it  is  necessary  to  have  an 
understanding  of  the  interaction  between  Lamb  waves  and  defects. 


Do  you  think  your  phenomenon  is  somehow  related  to  a  description  of  an  emerging  crack  as 
a  phase  transition  of  second  type,  with  scaling  parameter  changing?  Research  in  this  direc¬ 
tion  was  done,  e.g.,  by  Professor  Chudnosky  at  the  University  of  Illinois  at  Chicago  Circle.  - 
Vladik  Kreinovich 

I  am  not  familiar  with  the  work  you  have  cited  and  so  I  cannot  comment.  If  the  theory  can 
shed  light  on  the  results  described  in  the  current  paper,  I  would  be  very  interested  in  it. 


t 
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ABSTRACT 

The  U.S.  Air  Force  (AF)  has  experienced  a  series  of  high-cycle-fatigue  (HCF)-related  engine  failures  in  fighters. 
To  significantly  reduce  the  number  of  HCF  failures  in  the  future,  the  AF  has  decided  to  develop  a  damage-tolerant 
structure  design  methodology.  A  key  technical  challenge  faced  by  this  design  methodology  is  development  of 
NDE  methods  to  detect  microcracks  and  monitor  their  growth.  SwRI  developed  a  plan  for  (1)  identifying  NDE 
methods  which  have  potential  for  detecting  HCF  damage,  (2)  fabricating  test  specimens,  and  (3)  evaluating  the 
identified  NDE  techniques  on  the  test  specimens. 

NDE  methods  identified  as  having  potential  for  HCF  included  acoustic  microscopy,  acoustic  reverberation,  posi¬ 
tron  annihilation,  surface  acoustic  waves,  surface-skimming  waves,  eddy  current,  and  the  krypton  emission  tech¬ 
nique  (KET™).  Test  samples  were  generated  with  real  cracks  ranging  from  0.0004  to  0.001  inch  (10  to  20  pm) 
and  EDM  notches  ranging  from  0.002  to  0.016  inch  (50  to  400  pm).  The  primary  goal  of  the  project  was  to 
attempt  to  determine  limits  of  defect  detectability  for  surface-oriented  defects.  Results  obtained  showed  all  meth¬ 
ods  tested  could  detect  EDM  notches  50  microns  in  length  and  greater — eddy  current  could  detect  20-micron 
defects,  and  the  KET™  could  detect  real  cracks  in  the  range  of  50  microns. 

Keywords:  high-cycle  fatigue,  NDE,  ultrasonics,  eddy  current,  KET™,  surface  wave,  positron  annihilation 

1.  INTRODUCTION 

The  U.S.  Air  Force  (AF)  has  experienced  a  series  of  high-cycle-fatigue  (HCF)-related  engine  failures  in  fighter 
jets.  In  some  cases,  the  fan  blades  experienced  foreign  object  damage,  which  can  start  a  crack.  In  other  cases,  the 
crack  may  have  initiated  at  a  subsurface  defect  that  was  either  not  detected  or  believed  to  be  benign.  To  signifi¬ 
cantly  reduce  the  number  of  HCF  failures  in  the  future,  the  AF  has  decided  to  develop  a  damage-tolerant  structure 
design  methodology  over  the  next  7  years. 

For  damage-tolerant  life  extension,  it  is  important  to  identify  microstructural  changes  which  can  adversely  affect 
structural  integrity.  A  key  technical  challenge  in  the  overall  HCF  program  of  fracture  mechanics  model  devel¬ 
opment  and  testing  is  the  development  of  NDE  methods  for  detection  of  microcracks  and  the  monitoring  of  then- 
growth.  The  AF  had  an  internal  program  funded  to  evaluate  surface  wave  ultrasonics,  electrical  potential  drop,  and 
eddy  current  for  detecting  and  monitoring  HCF  damage.  No  reports  have  been  published  at  the  present  time. 

The  goals  of  this  project  were  to  (1)  identify  existing  NDE  methods  for  potential  to  detect  and  monitor  HCF  dam¬ 
age,  (2)  fabricate  test  samples,  and  (3)  evaluate  identified  methods  on  simulated  HCF  defects.  Also,  as  part  of  the 
program,  test  specimens  with  simulated  HCF  defects,  ranging  from  50  to  400  pm,  were  to  be  generated. 

2.  TECHNICAL  DISCUSSION 

2.1  Identification  of  NDE  methods 

Most  NDE  methods  in  their  present  stage  of  development  have  limited  ability  to  provide  reliable  early  detection  of 
HCF  damage  because  their  main  purpose  has  been  to  detect  and  characterize  macrocracks,  which  are  much  larger 
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than  the  grain  size  of  the  material  (typically  25  pm  and  larger).  However,  it  is  also  clear  that  a  number  of  methods 
have  the  potential  to  be  improved  and  enhanced  upon  to  a  point  where  they  could  be  used  to  detect  HCF  damage 
(expected  to  be  on  the  order  of  10  to  20  pm  and  greater).  For  this  project,  three  selection  criteria  were  established 
to  identify  these  potential  NDE  methods:  (1)  potentially  sensitive  to  small  defects,  either  internal  to  the  volume  or 
on  the  surface;  (2)  reasonable  cost  associated  with  making  each  measurement;  and  (3)  potentially  fieldable  in  terms 
of  equipment  cost  and  size. 

A  number  of  methods  were  identified  for  review.  Table  1  lists  these  methods  and  their  applicability  to  (1)  deter¬ 
mine  volumetric  microstructural  changes  or  (2)  detect  small  cracking  and  monitor  crack  propagation.  These  meth¬ 
ods  are  briefly  discussed  in  the  following  sections. 

Table  1.  List  of  potential  NDE  methods  and  associated  application 
for  detecting  and  monitoring  HCF  damage 


Method 

Assessment  or  Monitoring  of 

Microstructural 

Changes 

Crack  Initiation  and 
Propagation 

Scanning  Acoustic  Microscope 

Yes 

Yes 

Surface  Acoustic  Waves 

Yes 

Surface-Skimming  Acoustic  Waves 

Yes 

Reverberation  Decay 

Yes 

No 

Eddy  Current 

Yes 

Replication 

No 

Yes 

Scanning  Electron  Microscope 

No 

Yes 

Positron  Annihilation* 

Yes 

No 

Krypton  Emission  Technique* 

No 

Yes 

*Added  after  project  awarded 

2.1.1  Scanning  acoustic  microscopy  (SAM)  method 

The  SAM  method  has  excellent  potential  for  detecting  cracks  as  small  as  10  pm  deep  using  transducer  frequencies 
as  high  as  1GHz.  Data  obtained  by  Pan  et  al.2  showed  that  defects  on  or  near  the  surface  and  as  small  as  20  pm  in 
length  could  be  imaged. 

However,  two  operational  requirements  associated  with  using  SAM  made  it  impractical  for  HCF  damage  evalu¬ 
ation  in  the  field.  First,  the  part  under  inspection  must  be  polished  to  a  1-pm  surface  finish.  The  parts  that  will 
ultimately  need  inspection  have  no  better  than  a  16-pm  finish.  Second,  an  accurate  mechanical  scanning  capability 
is  needed  to  collect  usable  acoustic  images.  This  requires  the  SAM  mechanical  system  to  be  large,  which  does  not 
lend  itself  to  potential  field  application. 

2.1.2  Surface  acoustic  wave  (SAW)  method 

The  SAW  method  relies  on  Rayleigh  waves  produced  by  an  unfocused  contact  probe  mounted  on  an  acrylic 
wedge  (Figure  1).  The  surface  wave  is  propagated  over  the  material  surface,  with  the  depth  of  penetration  gener¬ 
ally  on  the  order  of  one  wavelength.  Because  of  this  property,  surface  waves  are  mosdy  used  for  surface-con¬ 
nected  cracks  and  other  types  of  flaws  located  close  to  the  examination  surface  of  the  material.  As  a  surface  wave 
interacts  with  a  surface  defect,  it  radiates  some  of  its  energy  back  into  the  medium  in  contact  with  the  surface. 


2.1.3  Surface-skimming  acoustic  wave  (SSAW)  method 

Conventional  straight-beam  (0-degree  or  down-looking)  ultrasonic  transducers  have  difficulties  in  seeing  just 
below  the  examination  surface  of  the  material.  These  near-surface  dead-zone  limitations  of  existing  ultrasonic 


inspection  technology  motivated  SwRI,  in  1990,  to  develop  the  two  multibeam  transducers  shown  in  Figures  2 
and  3.  The  4-MHz  transmitted  surface-skimming  bulk  longitudinal  (1^)  and  shear  (Sb)  waves  used  in  this  method 
were  produced  by  the  back  elements  (probes  B)  of  the  SLIC-30  and  SLIC-45*,  respectively. 

The  original  designs  of  the  SLIC-30/45  transducers  were  modified  for  evaluation  of  HCF  by:  (1)  increasing  the 
angle  of  the  transmitted  beams  (L,,  in  Figure  2  and  Sb  in  Figure3)  from  about  60  to  about  80  degrees;  (2)  eliminat¬ 
ing  the  acoustic  barrier  in  the  acrylic  transducer  wedge  normally  used  to  prevent  direct  feedthrough  (crosstalk) 
between  the  transmitting  back  probe  and  the  receiving  front  probe,  and  (3)  adjusting  the  X  position  of  probe  B 
relative  to  probe  A  until  the  exit  point  of  probe  B  (point  b)  coincided  with  the  entry  point  of  probe  A  (point  a).  A 
modified  SLIC-45  (designated  as  SLIC-48)  proved  much  more  sensitive  to  the  presence  of  the  test  defects  of 
interest  than  a  modified  SLIC-30. 

2.1.4  Reverberation  decay  method 

The  reverberation  decay  method  uses  bulk  (in  contrast  to  surface  or  surface-skimming)  ultrasonic  waves  and  is 
directed  at  observing  the  scattering  of  the  transmitted  wave  by  random  phase  and  grain  boundaries  in  the  material. 

2.1.5  Eddy  current  (ET)  method 

The  ET  method  uses  a  coil  energized  with  alternating  ourrent  to  generate  eddy  currents  in  the  material  under 
inspection.  When  the  ET  direction  is  changed  by  interaction  with  a  defect  (difference  in  electrical  conductivity),  a 
corresponding  change  in  the  magnetic  field  produced  by  the  eddy  currents  is  generated  and  is  detected  by  either  an 
impedance  change  in  the  exciting  coil  or  by  voltage  induced  in  a  separate  sensing  coil  on  the  material.  It  is  believed 
that  microstructural  defects  caused  by  HCF  damage  would  produce  changes  in  the  conductivity  of  the  material  and 
thus  cause  changes  in  the  ET  signal.  Also,  discrete  cracks  will  produce  an  ET  response.  Typically,  the  ET  method 
is  most  effective  for  detecting  surface  defects. 

2.1.6  Positron  annihilation  method 

The  positron  annihilation  method  is  based  upon  the  detection  of  annihilation  gamma-ray  energy,  which  is  caused 
by  the  combination  of  electrons  in  the  material  with  the  positrons  entering  the  material  under  inspection  (as  shown 
in  Figure  4).  The  incident  electrons  are  from  a  beta-ray  source,  and  they  strike  valence  electrons  in  the  material 
producing  two  gamma-rays  of  equal  and  opposite  momentum  given  by 

e+  +  e'  hu .  (1) 

The  energy  of  each  gamma  ray  is  equal  to  the  rest-mass  energy  of  an  electron,  which  is  0.51 1  ev.  As  the  positrons 
go  through  the  material,  the  probability  that  they  will  combine  with  electrons  in  the  material  is  greatest  as  the 
velocity  of  the  positrons  approaches  zero.  The  positrons  are  most  likely  to  combine  with  the  outer-shell  electrons 
rather  than  the  K  or  L  shell  because  the  positrons  would  be  strongly  repelled  by  the  electric  field  of  the  nucleus  as 
it  approaches  the  K  and  L  shells.  When  the  positrons  enter  the  material,  the  maximum  depth  of  penetration 
depends  on  the  source  and  atomic  number  density  of  the  material.  That  is,  the  higher  the  energy  of  the  positron, 
the  greater  the  penetration,  and  the  greater  the  atomic  number  density,  the  lower  the  penetration.  For  example,  for 
Ti  6-4  (r  =  4.54  g/cm3)  to  have  a  range  of  1  mm,  the  positron  must  have  an  energy  of  approximately  0.2  MeV. 

Materials  having  fatigue  damage  appear  to  have  more  vacancies,  thus,  more  free  electrons  that  can  interact  with  the 
incident  electrons  to  produce  positron  annihilation.  This  leads  to  a  decrease  in  positron  annihilation  intensity.3-5 

2.1.7  Krypton  emission  technique  (KET™) 

The  KET™  is  a  method  for  detecting  small  surface  defects  that  have  openings  in  the  range  of  0.01  to  10  pm  and 
lengths  ranging  from  4  pm  to  1mm.  It  is  a  penetrant  NDE  method  using  a  krypton  gas,  which  is  5  percent  radio- 


SLIC  =  Shear  and  Longitudinal  waves  used  simultaneously  for  material  Inspection  and  defect  Characterization 
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active  36K85.  36K85  is  a  beta-ray  emitter  with  a  10.8-year  half  life  and  a  beta-ray  energy  spectrum  with  an  average 
value  of  0.23MeV  and  a  maximum  energy  value  of  0.67  MeV.  The  KET™  process  is  conducted  as  follows.  First, 
the  part  to  be  inspected  is  subjected  to  a  vacuum  to  remove  air  from  the  open  surfaces.  Then  the  part  is  exposed  to 
krypton  gas,  and  any  defects  absorb  and  trap  the  gas.  The  krypton  gas  is  then  bled  out  of  the  system  and  again 
exposed  to  air.  A  liquid  film  (developed  by  Kodak)  is  sprayed  onto  the  part  in  darkroom  conditions.  The  trapped 
beta  particles  expose  the  film  and  produce  dark  regions  where  the  defects  exist.  These  dark  regions  allow  the 
defects  to  be  detected.  This  method  is  useful  over  the  range  of  surface  defect  openings  from  0.4  to  1300  pm,  and 
it  can  also  be  used  to  detect  surface  fretting,  as  well  as  wall  thinning  in  hollow  turbine  blades. 

2.2  Fabrication  of  test  specimens 

One  of  the  most  important  factors  in  evaluating  the  capability  of  various  NDE  methods  to  detect  HCF  damage  is  to 
have  test  specimens  with  known  levels  of  damage.  Since  HCF  damage  is  difficult  to  detect,  parts  with  actuS  field- 
service-induced  HCF  damage  are  difficult  to  obtain.  Therefore,  part  of  this  effort  was  dedicated  to  developing 
simulated  HCF  damage.  HCF  is  generally  defined  as  low-amplitude  stress  applied  over  approximately  108  or 
more  cycles.  These  large  cycle  numbers  make  it  costly  and  time  consuming  to  try  to  simulate  this  type  of  damage 
using  conventional  stress-cycling  machines.  For  example,  it  would  take  over  3  years  to  obtain  108  cycles  at  a  rate 
of  10  Hz  and  complete  the  test  specimen.  Therefore,  using  conventional  fatigue  testing  machines  did  not  seem 
appropriate  for  this  effort. 

« 

A  strategy  for  fabricating  the  test  specimens  with  small  defects  was  adopted.  This  strategy  was  to  place  starter 
voids  (approximately  10  by  40  pm)  in  flat  Ti  6-4  specimens  utilizing  an  ion  milling  process  used  at  SONY  in  San 
Antonio.  These  starter  voids  would  then  be  subjected  to  three-point  bending  fatigue  until  cracks  were  generated. 
Again,  the  goal  was  to  generate  cracks  in  the  range  of  50  to  400  pm  in  length.  Using  this  approach,  two  test  speci¬ 
mens  (Nos.  518  and  519)  were  developed  for  evaluating  the  various  NDE  methods.  However,  only  cracks  in  the 
range  of  20  pm  in  length  were  obtained.  Attempts  at  obtaining  larger  cracks  led  to  failure  of  the  specimen. 

Since  the  goal  of  the  project  was  to  evaluate  NDE  methods  on  defects  in  the  range  of  50  to  400  pm  in  length  and  it 
appeared  to  be  difficult  to  obtain  real  cracks  in  this  range,  it  was  decided  to  fabricate  a  Ti  6-4  plate  specimen  with 
nine  paper-thin  EDM  notches.  On  one  side,  which  had  a  smooth,  highly  polished  surface  (16-rms  finish),  four 
notches  were  machined.  On  the  other  side,  which  had  a  rough  surface  (125-rms  finish),  five  were  machined. 
These  two  sets  of  EDM  notches  are  described  in  Table  2. 

2.3  Results  of  NDE  method  evaluation  and  discussion 
2.3.1  Surface  acoustic  wave  (SAW)  method  results 

Specimens  Nos.  518  and  519  were  inspected  by  surface  waves  using  both  25-MHz  immersion  and  10-MHz  con¬ 
tact  methods.  None  of  the  cracks  in  these  specimens  were  detected  by  either  method. 

The  wavelength  of  the  surface  waves  over  Ti  6-4  was  approximately  120  pm.  Hence,  sizes  of  the  cracks  on  the 
surface  of  specimen  No.  518  were  much  smaller  than  the  wavelength  of  the  sound  waves.  Therefore,  it  is  believed 
that  higher  frequency  transducers  are  needed  to  detect  such  small  cracks.  But  high-frequency  sound  energy  is 
more  attenuative  in  Ti  6-4  metals  due  to  the  large  grain  size,  so  there  is  a  tradeoff  between  better  resolution  and 
deeper  penetration. 

The  Ti  6-4  specimen  with  notches  was  inspected  using  the  immersion  mode  (transducer  incident  angle  set  at  30 
degrees).  In  the  immersion  test,  all  notches  were  scanned,  and  B-scan  images  (depicting  throughwall  dimension 
of  the  defect)  of  all  notches  were  obtained.  All  four  notches  on  the  smooth  side  could  be  detected.  However,  the 
signal  of  the  smallest  notch  (notch  A)  was  weak.  The  B-scans  obtained  from  the  rough  side  show  the  multiple 
echoes  from  the  surface  roughness  features.  Nevertheless,  the  five  notches  were  detectable.  The  notches  on  the 
smooth  and  rough  sides  were  inspected  in  the  contact  mode  using  the  10-MHz  transducer  mounted  on  the  wedge 
(with  an  angle  of  53  degrees).  Table  3  shows  the  peak-  to-peak  amplitude  of  responses  from  the  notches.  All  but 
the  smallest  notches  on  both  sides  of  the  Ti  6-4  test  specimen  could  be  detected  by  using  the  contact  inspection. 
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Table  2.  Dimensions  of  0.005-inch-wide  EDM  notches  placed  on  smooth  and  rough  sides  of  Ti  6-4  test  specimen 


Notch  ID 

Desired  Notch 
Length 
[inch  (pm)] 

Actual  Notch 
Length 
[inch  (pm)] 

Desired  Notch 
Depth 
[inch  (pm)l 

Actual  Notch 
Depth 
[inch  (pm)] 

Side  with  16-rms  Smoot 

h  Surface 

A 

. . 

B 

0.004  (100) 

mmmmm 

■i|i  i  If  n— 

C 

■m  i  mi  mm 

mormon 

D 

0.016  (400) 

;  Side  with  125-rms  Rough  Surface 

A* 

mnmmsmm 

0.001  (25) 

— ixi:tn:«.fiT— 

B* 

mwssmtinm 

C* 

0.0058  (145) 

KH1H 

D* 

0.008  (200) 

msmamsm 

■ill  il  EBB  M 

E* 

■mi  1 r/ilfc  5  [m 

0.008  (200) 

The  9  notches  listed  in  this  table  were  used  to  evaluate  the  NDE  methods  listed  in  Table  1. 

Table  3.  Peak-to-peak  amplitude  of  responses  from  the  test  specimen  notches 


Surface 

Notch  ID 

Peak-to-peak  voltage  from 

A 

B 

C 

D 

E 

smooth  side  (16-rms  surface) 

Not  able  to  detect 

0.06  v 

0.20  v 

0.45  v 

No  Defect 

Peak-to-peak.  voltage  from 

A* 

B* 

C* 

D* 

wsmtmam 

rough  side  (125-rms  surface) 

Not  able  to  detect 

0.09  v 

0.15  v 

0.20  v 

■m 

2.3.2  Surface-skimming  acoustic  wave  (SSAW)  method  results 

The  results  obtained  with  the  SSAW  method  using  the  SLIC-48  are  presented  and  discussed  below. 

(1)  Defect  detection  tests 

Smooth-surface  notches — The  four  surface  notches  (A  through  D  in  Table2)  on  the  smooth  side  of  the  Ti  6-4 
test  specimen  were  used  to  evaluate  the  SSAW  method’s  ability  to  detect  and  characterize  (as  to  orientation  and 
size)  small  surface  fatigue  cracks.  The  detection  trials  were  not  conducted  under  blind  test  conditions  (i.e.,  the 
ultrasonic  examiner  was  informed  about  defect  location,  orientation,  and  size).  Pulse  amplitude  (A),  time  of  flight 
(screen  position),  and  RF  phase  were  the  recorded  signal  parameters. 

Figure  5  shows  the  background  interference  [noise  only  (a)]  RF  waveform  along  with  those  obtained  for  the  four 
smooth-surface  notches  from  the  right  side[(b)  through  (e)].  Occasionally,  noise  excursions  up  to  6  percent  of 
FSH  occurred  in  the  time  window  (i.e.,  between  the  5th  and  6th  screen  division  mark).  All  notches  were  readily 
detected  with  SNR  values  greater  than  6  dB. 

Rough-surface  notches— The  five  surface  notches  (labeled  A*  through  E*  in  Table  2)  on  the  rough  side  of  the 
test  specimen  were  also  measured  to  determine  the  effect,  if  any,  of  surface  roughness  on  the  SSAW  method’s 
ability  to  detect  small  surface  fatigue  cracks. 

Figure  6(a)  shows  the  rough-surface-reverberation-induced  (noise  only)  RF  waveform.  Noise  excursions  in  the 
time  window  measured  up  to  10  percent  of  FSH,  as  compared  to  6  percent  on  the  smooth  surface.  Also  shown  in 
Figure  6  are  the  RF  waveforms  obtained  for  the  five  rough-surface  notches  from  the  left  side.  As  expected,  these 
notches  were  less  readily  detected  than  the  notches  breaking  the  smooth  surface  of  the  test  specimen.  The  SNR 
value  for  notch  A*,  for  example,  was  only  4  dB. 
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A  small  fatigue  crack — The  limit  of  crack  detectability  by  the  SLIC-48  module  was  reached  when  the 
waveform  received  from  the  cracked  center  area  of  test  specimen  No.  519  of  the  Ti  6-4  specimen  could  not  be 
distinguished  from  the  “noise  only”  waveform  received  from  a  known  crack-free  area  6  mm  away  from  the  center. 

(2)  Defect  orientation  tests 

The  dependence  of  signal  amplitude  on  the  orientation  angle,  defined  as  the  angle  between  the  short  (width)  axis 
of  the  surface  notch  and  the  transducer  scanning  (X)  axis,  was  investigated  by  moving  the  transducer  360  degrees 
around  a  250-pm-long  x  50-pm-wide  (5-to-l  aspect  ratio)  reference  notch.  No  effect  of  signal  amplitude  relative  to 
transducer  orientation  was  obtained;  therefore,  it  was  concluded  that  due  to  the  nearly  vertical  nature  of  the 
received  waves,  the  signal  amplitude  depends  on  defect  surface  area  (length  x  width)  and  not  on  defect  depth. 

(3)  Defect  sizing  tests 

Since  the  notch  lengths  were  much  smaller  than  the  length  of  the  4-MHz  transmitted  surface-skimming  waves,  the 
usefulness  of  only  the  amplitude  comparison  method  for  defect  sizing  was  investigated.  No  correlation  was  found 
between  signal  amplitude  and  notch  depth.  This  finding  is  consistent  with  the  noted  independence  of  signal  ampli¬ 
tude  from  the  orientation  of  the  nine  measured  surface  notches. 

2.3.3  Eddy  current  method  results 

The  ET  experiments  were  performed  at  6  and  20  MHz.  These  frequencies  were  chosen  to  obtain  high  current  den¬ 
sity  near  the  examination  surface  (because  of  the  skin  effect)  to  maximize  the  response  from  small  surface  defects. 
(The  skin  depth  in  Ti  6-4  is  approximately  260  and  150  pm  for  6  and  20  MHz,  respectively.)  Six  megahertz  was 
chosen  because  it  is  the  highest  frequency  available  in  most  commercially  available  ET  instruments  and,  thus, 
could  be  readily  adapted  for  field  use.  Because  the  SwRI  laboratory  equipment  is  capable  of  higher  frequencies, 
20  MHz  was  also  chosen  to  determine  if  the  defect  response  could  be  further  improved  with  shallower  skin  depth. 

The  probe  configuration  used  differential  sensing  coils  surrounded  by  a  single  excitation  coil.  This  probe  design 
was  chosen  for  its  high  spatial  resolution  and  low  sensitivity  to  liftoff  variations.  The  6-MHz  probe  had  a  ferrite 
core  in  each  sensor  and  was  surrounded  by  a  ferrite  shield  to  increase  the  spatial  resolution  and  sensitivity.  The 
20-MHz  probe  had  no  cores  or  shield  because  the  electrical  losses  in  the  ferrite  material  are  too  large  at  the  high 
frequency  and,  therefore,  the  effectiveness  of  the  ferrite  would  be  minimal.  The  probes  were  the  smallest  commer¬ 
cially  available  to  increase  spatial  resolution. 

The  experimental  setup  consisted  of  a  Stanford  Research  Systems  model  DS345  function  generator,  which  drove 
the  excitation  coil  in  the  ET  probe,  and  a  Stanford  Research  Systems  model  SR844  lock-in  amplifier  to  detect  the 
signal  from  the  differential  sensor  coils.  It  was  anticipated  that  at  20  MHz,  noise  could  be  introduced  by  capaci¬ 
tance  changes  associated  with  movement  of  the  cable,  so  the  Ti  6-4  notched  specimen  and  specimen  No.  519  were 
scanned  by  keeping  the  probe  stationary  and  moving  the  specimens.  The  probe  was  held  against  the  examination 
surface  using  spring  pressure.  Scan  motion  was  accomplished  by  a  precision  computer-controlled  laboratory 
scanner,  and  the  signal  output  from  the  lock-in  amplifier  was  digitized  and  stored  as  a  function  of  scan  position. 

It  was  believed  that  the  20-MHz  probe  would  provide  higher  sensitivity  to  small  defects  because  the  depth  of 
penetration  (skin  depth)  of  the  eddy  currents  was  smaller  at  higher  frequencies  and,  thus,  a  defect  of  a  given  depth 
interrupts  a  greater  proportion  of  the  current.  The  experimental  results  showed,  however,  that  at  20  MHz,  the 
response  to  probe  liftoff  (gap  between  the  probe  and  specimen)  and  tilt  variations  were  quite  severe.  Even  though 
the  probe  was  held  by  double  cantilever  springs,  which  provide  up  and  down  motion  while  minimizing  tilt,  the  tilt 
and  liftoff  response  during  scanning  and  indexing  of  the  specimen  caused  large  responses.  These  responses 
tended  to  mask  signals  from  small  defects.  It  was  not  clear  whether  this  response  was  caused  by  changes  in  elec¬ 
tromagnetic  coupling  between  the  probe  and  specimen  (which  is  the  typical  mechanism  at  lower  frequencies)  or  by 
capacitive  coupling  (which  would  be  more  prevalent  at  higher  frequencies).  Although  it  may  be  possible  to  add 
conductive  shielding  to  the  probe  to  minimize  capacitive  coupling  effects,  this  was  beyond  the  scope  of  this  effort. 
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At  6  MHz,  the  liftoff/tilt  response  was  significantly  reduced  compared  to  20  MHz,  and  signals  from  the  defects 
were  much  more  distinct.  All  of  the  notches  were  detected.  There  are  also  other  indications  in  the  image  that  are 
not  associated  with  the  surface  notches.  Examination  of  the  specimen  surface  under  the  microscope  showed  that 
these  indications  are  caused  by  small  surface  scratches. 

ET  data  from  the  notches  on  the  rough  side  of  the  notched  test  specimen  showed  that  all  notches  were  detected; 
however,  the  background  signals  were  strong. 

Fatigue  crack  specimen  No.  519  was  also  scanned,  and  the  results  are  shown  in  Figure  7.  This  specimen  con¬ 
tained  a  20-pm  ion-milled  starter  void  and  a  20-pm  crack  growing  from  one  edge  of  the  void.  This  specimen  also 
had  a  polished  surface  with  a  smoother  finish  than  the  16-rms  finish  on  the  smooth  side  of  the  test  specimen.  A 
defect  indication  is  obtained;  however,  this  indication  is  a  combination  of  the  responses  from  both  the  starter  void 
and  the  crack.  Although  it  is  not  possible  to  separate  the  two  responses,  the  stronger  signal  obtained  on  the  right 
side  of  the  indication  may  be  caused  by  the  presence  of  the  crack,  which  is  located  on  the  side  of  the  void. 

2.3.4  Krypton  emission  technique  (KET™)  results 

The  fatigue  test  specimens  (Nos.  501,  518,  and  519)  were  evaluated  using  KET™.  A  large  number  of  cracks 
were  detected  on  specimens  Nos.  518  and  519.  These  cracks  were  as  small  as  50  pm  in  length.  Using  KET™, 
these  defects  were  detectable.  The  smaller  defects  (10  and  20  pm  in  length)  in  these  specimens  were  not  detectable 
in  any  specimens  using  KET™.  It  is  unclear  why  these  defects  were  not  detected.  Perhaps  the  cracks  were  either 
too  tight  or  too  shallow  to  absorb  sufficient  krypton  gas  to  ultimately  expose  the  photographic  emulsion. 

3.  SUMMARY  OF  RESULTS  AND  CONCLUSIONS 

(1)  All  NDE  methods  identified  as  having  the  potential  to  detect  HCF  damage  (except  KET™)  in  this  project  were 
tested  on  EDM  surface  notches  ranging  from  50  to  800  pm.  The  actual  detection  capability  for  three  methods 
is  shown  in  Table  4.  KET™  also  showed  the  capability  to  detect  fatigue  cracks  greater  than  50  pm  long. 

(2)  SwRI  was  not  successful  in  developing  test  specimens  with  actual  HCF  damage. 

(3)  SwRI  was  successful  in  developing  test  specimens  with  actual  LCF  cracks  ranging  from  10  to  20  microns. 
This  project  has  established  limits  of  detectability  for  the  various  NDE  methods  tested  under  laboratory  conditions. 
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Table  4.  Summary  of  NDE  methods  identified  and  experimentally  determined 

defect  detection  sensitivity 


Defect  Size 
(its) 

NDE  Method 

Surface 

Acoustic 

Wave 

Surface 

Skimming 

Wave 

Eddy 

Current 

KET™ 

10 

ND 

ND 

ND 

ND 

20 

ND 

ND 

ND 

85 

D 

D 

D 

NT 

90 

D 

D 

D 

NT 

135 

D 

D 

D 

NT 

145 

D 

D 

D 

NT 

jKUSUHi 

D 

D* 

D 

NT 

215 

D 

D 

D 

NT  i 

268 

D 

D 

D 

NT 

438 

D 

D 

D 

NT 

440 

D 

D 

D 

NT 

Note:  Defect  length  is  provided  and  a  2  to  1  length  versus  depth  aspect 
ratio  is  assumed. 

ND  =  Not  Detected 
D  =  Detected 
NT  =  Not  Tested 


ACRYLIC  WEDGE 


Figure  1.  Dlustration  of  the  surface  acoustic  wave  method. 
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Figure  2.  Interaction  of  the  transmitted  60-degree  longitudinal  wave  (L,,)  of  the  SLIC-30  transducer 
with  a  subsurface  crack  resulting  in  two  L-wave  pulses  (pulses  1  and  2,  shown)  and  two  S-wave 
pulses  (not  shown). 
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(b)  Ray  paths  for  the  L-wave  pulses 


Figure  3.  Interaction  of  the  transmitted  shear  wave  (Sb)  of  the  SLIC-45  transducer  with  a  subsur¬ 
face  crack  resulting  in  two  L-wave  pulses  (shown)  and  two  S-wave  pulses  (not  shown). 
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MCA 


Figure  4.  Illustration  of  the  positron  annihilation  method.  The  top  view  shows  the  positron  source  on  the 
test  piece,  the  lower  left  view  shows  the  concept  of  positrons  entering  the  specimen  and  ejecting  a  gamma 
ray,  and  the  lower  right  view  shows  detection  and  signal  output.  (Courtesy  of  AEA  Technology.) 


(a)  Noise  Only 


(d)  Notch  C  A=24%  (e)  Notch  D  A=30% 


Figure  5.  RF  waveforms  obtained  against  the  background  noise  (a)  for  the  four  smooth-surface 
test  specimen  notches  from  the  X  direction. 
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(b)  Notch  A*  A=16% 
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(a)  Noise  Only 


(e)  Notch  D*  A=23%  (t)  Notch  E*  A=28% 

Figure  6.  RF  waveforms  obtained  against  the  background  noise  (a)  for  the  five  rough-surface  test 
specimen  notches  from  the  X  direction. 


Figure  7.  Color  image  of  eddy  current  signals  from  raster  scan  of  20-ps  crack  on  specimen  No.  519 
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Abstract 

A  fast  and  accurate  technique  to  determine,  in  real-time,  the  elasticity  constants  of 
the  material  in  isotropic  thin  plates  using  ultrasonic  plate  (Lamb)  waves  is  described  in 
this  paper.  It  allows  for  the  calculation  and  measurement  of  the  dispersion  curves  of  a 
plate  wave  propagating  in  the  lowest  symmetric  mode.  Time  signals  captured  with  two 
piezoelectric  transducers  in  contact  with  the  plate  are  first  transformed  to  the  frequency 
domain.  Then  the  cross  phase  spectra  is  calculated  to  obtain  the  phase  shift,  which  in 
turns  yields  the  phase  velocity.  The  experimental  set  up  automatically  and  in  real-time 
acquires  and  processes  the  data,  finds  the  operating  frequency  range,  and  displays  the 
results  as  dispersion  curves.  Ultimately,  Young’s  and  shear  moduli  are  calculated  from 
the  measured  dispersion  curves  by  means  of  an  inverting  algorithm.  The  accuracy  of 
phase  velocity  measurements  in  aluminum  plates  was  found  to  be,  on  the  average,  within 
±1%  when  compared  to  the  theoretical  dispersion  curves,  and  the  inversion  process 
yielded  elasticity  constants  that  were  very  close  to  the  nominal  values. 

INTRODUCTION 

The  nondestructive  characterization  of  thin  plates  with  ultrasonic  plate  waves 
requires  that  their  associated  dispersion  curve  (phase  velocity  versus  frequency)  be 
accurately  measured.  Measurement  of  the  phase  velocities  can  be  made  either  in  the  time 
or  in  the  frequency  domain.  However,  the  time  domain  measurements  provide  limited 
accuracy  due  to  the  ambiguous  identification  of  the  equiphase  points  in  a  traveling  wave. 
A  frequency  domain  technique  is  developed  in  this  paper  to  measure  the  phase  velocity  of 
plate  waves  propagating  in  the  lowest  symmetric  mode.  This  technique  may  be  automated 
and  provides  a  continuous  dispersion  curve  in  a  short  range  of  frequencies  in  real-time. 
The  lowest  symmetric  mode  was  selected  because  it  is  more  sensitive  to  changes  in  the 
stiffness  constants  and  may  be  uniquely  established  at  low  frequencies.  Theoretically, 
plate  waves  can  be  transmitted  at  any  wavelength  (or  frequency  and  phase  velocity). 
However,  in  practice  it  is  very  difficult  to  generate  a  unique  mode  with  small  diameter 
transducers,  and  at  certain  frequencies  an  undesirable  multimode  wave  is  usually  excited. 
The  adaptability  of  plate  waves  to  propagate  with  a  wide  range  of  wavelengths  is 
particularly  advantageous  when  testing  composite  plates.  Since  this  kind  of  material 
presents  high  attenuation  coefficients  at  high  frequencies  it  is  possible  to  use  low 
frequency  waves  to  characterize  it. 
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The  spectral  analysis  approach  is  not  new,  since  several  researchers  have 
developed  applications  based  on  this  technique.  Nazarian  and  Desai  (1993)  automatically 
obtained  the  dispersion  curves  of  soil  sites  and  pavement  systems  from  surface  waves 
measurements.  Sachse  and  Pao  (1978)  described  a  method  for  measuring  the  dispersion 
curves  of  longitudinal  bulk  waves  in  solids  using  spectral  analysis.  Their  method 
measured  the  phase  and  group  velocities  using  the  spectral  analysis  of  a  35  nsec  pulse 
sent  through  a  specimen,  together  with  the  received  pulse  on  the  opposite  side.  Another 
technique  used  by  Rogers  (1995),  yields  the  elasticity  constants  of  isotropic  plates  by 
directly  measuring  the  phase  shifts  of  continuous  plate  waves  with  the  7t-phase  method. 
His  measurements  of  phase  velocity  had  an  accuracy  of  0.5%;  the  elasticity  constants 
calculated  by  a  nonlinear  least  squares  algorithm  had  an  uncertainty  of  less  than  2%. 

Other  methods  for  the  characterization  of  composite  plates  by  ultrasonic  oblique 
isonification  and  immersion  coupling  in  pitch-catch,  through-transmission  or  reflectivity 
arrangements  have  been  used  successfully  by  several  researchers.  Among  others, 
Chimenti  and  Nayfeh  (1988)  characterized  the  effective  homogeneous  anisotropic  elastic 
behavior  of  a  unidirectional  composite  laminate  in  the  long  wavelength  limit.  They 
developed  a  theoretical  model  that  agrees  well  with  the  measurements  of  the  phase 
velocity  of  leaky  Lamb  waves  in  a  water-coupled  experimental  apparatus.  Dayal  and 
Kinra  (1989)  derived  a  model  for  a  unidirectional  composite  plate  and  measured  phase 
velocity  and  attenuation  of  the  leaky  Lamb  waves  from  readings  of  maximum  amplitudes 
of  a  leaky  wave  as  function  of  the  angle  of  incidence  of  the  exciting  pulse.  Rohklin  and 
Wang  (1989)  reconstructed  the  elasticity  constants  from  bulk  wave  velocity  measurements 
in  several  specific  directions  of  anisotropic  materials.  They  placed  a  small  specimen  in  a 
special  goniometer  immersed  in  water,  produced  ultrasonic  bulk  waves  with  an  ultrasonic 
pulser,  and  measured  the  reflection  time,  which  gave  the  bulk  wave  phase  velocity.  The 
work  of  Bar-Cohen  and  Mai  (1993)  includes  ray  theory  to  explain  the  important  features 
of  the  reflected  signals  from  a  unidirectional  composite  immersed  in  water.  They  found 
that  water  loading  has  significant  influence  on  the  dispersion  curves  of  leaky  Lamb 
waves;  and  that  while  certain  stiffness  constants  significantly  influence  dispersion  curves, 
others  have  negligible  impact. 

The  present  work  was  motivated  by  the  need  for  measuring,  nondestructive^,  the 
elastic  constants  of  isotropic  and  anisotropic  plates  in  real-time,  using  an  apparatus 
suitable  for  field  work.  By  using  contact  transducers  to  capture  the  waves  on  the  same 
side  of  the  plate,  the  technique  presented  is  much  simpler  than  the  leaky  Lamb  waves 
technique.  Additionally,  the  inversion  algorithm  developed  to  get  the  elasticity  constants 
from  plate  waves  phase  velocity  is  effective  and  accurate.  The  integrated  measuring 
system  is  easy  to  operate,  faster  than  the  traditional  time-of-flight-bulk-velocity  methods 
and  as  accurate  as  the  Pulse-Echo-Overlap  or  7t-Phase  methods  (Papadakis  1990). 

I.  Theory 

An  elementary  monochromatic  wave  moving  in  the  positive  x  direction  in  a  non¬ 
attenuating  medium  is  represented  as 

u(x,t)  =  exp[j(Q)t-kx)]  (1) 

where  k  is  the  wave  number  and  CD  is  the  angular  frequency  and  t  is  time.  In  a  dispersive 
medium,  k  is  a  function  of  frequency.  The  relationship  between  wave  number  and 
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frequency  is  called  a  dispersion  relation.  The  main  objective  in  the  field  is  to 
experimentally  determine  the  dispersion  relation  k(co)  so  that  the  dispersion  curve  can  be 
calculated  from  the  phase  velocity  v((o) 


v(co)  = 


0) 

k{co) 


(2) 


The  Fourier  transform  of  a  delayed  time  signal  is  given  by  (Bracewell,  1965) 

U(Q))  =  Uo(0))exp(jm)  (3) 

where  U0(to)  is  the  Fourier  transform  of  the  undelayed  signal,  and  x  is  the  time  delay. 
Applying  this  theorem  to  a  wave  passing  by  two  transducers  separated  a  distance  D, 
allows  for  time  delay  to  be  obtained  from  the  phase  velocity  as 


D 

T  = - 

V(£0) 


(4) 


Since  phase  velocity  is  related  to  the  wave  number  through  Equation  2,  then 

r  =  ^  (5) 

0) 

Substituting  Equation  (5)  into  Equation  (3),  the  Fourier  transform  of  the  wave  at  the 
second  transducer  is  then 

U  ( a ))  =  U0  ( Q) )  exp  [jk(o))D]  (6) 

Representing  U0(co)  in  polar  form 

U0((o)  =  \U0(co)\exp(j<P0)  (7) 

Substituting  Equation  (7)  into  Equation  (6)  gives 

U(co)  =\U  o(CQ)\zvp{j[<t>0  +k(co)D)}  (8) 

From  this  result  the  phase  spectrum  of  the  wave  at  the  second  transducer  may  be  stated 
as 

</>(cd)  =  <pa  +k(o))D  (9) 


If  <{)(co)  is  available  from  measurements,  the  phase  velocity  may  be  obtained  by 
substituting  Equation  (9)  into  Equation  (2)  as 

0)  coD 

V(ty)  =  —  =  ———  (10) 

k(co)  <p(a))-</>0 


The  phase  information  from  the  cross  power  spectrum  between  the  time  signals  of  two 
receivers  a  distance  D  apart  yields  a  relationship  that  can  be  readily  used  to  calculate  the 
dispersion  curve  described  in  Equation  (10). 

An  inversion  algorithm  may  then  be  used  to  obtain  the  elasticity  constants  from 
the  experimental  dispersion  curve.  For  isotropic  plates,  only  two  elastic  constants  are 
required  to  characterize  the  material.  The  inversion  procedure  used  in  this  work  is  based 
on  the  minimization  of  the  sum  of  the  squared  errors  between  the  measured  phase 
velocity  and  the  theoretical  phase  velocity  at  each  frequency.  The  theoretical  phase 
velocity  is  a  function  of  the  frequency,  density,  and  elasticity  constants  Cn  and  C12  (for 
isotropic  materials)  through 


Vjffi.v^CjpC^.p.h)  =  root 


tanh(ad) 

tanh(/?d) 


(2 k2  -k$)2' 
Ak2ap  j 
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with  k=co/vj,  a2  =  k2-co2/vL2  ’  (32=  k2-  co2/vT2 


vL2  =  Cn/p,  kT2  =(o/vT‘,  and  vT  =  C12/p. 


Parameter  v,  is  the  initial  guess  to  find  the  root  and  is  usually  taken  as  the  measured  phase 
velocity  at  the  given  frequency  fj.  Parameter  d  is  equal  to  half  the  plate  thickness,  vL  is 
the  longitudinal  wave  velocity,  vr  is  the  shear  wave  velocity. 

The  elasticity  constants  are  estimated  by  locating  the  minimum  of  the  sum  of  the 
squared  differences  between  the  measured  and  calculated  dispersion  functions, 


Mini 


I  (vP-v.^)2 


,!=i 


The  superscripts  T  and  M  refer  to  theoretical  and  measured  velocities,  respectively.  An 
inversion  algorithm  has  been  developed  based  on  the  general  inverse  theory  (Nazarian, 
Yuan,  1993)  that  rapidly  converges  to  the  desired  elastic  constants.  For  isotropic 
materials,  the  shear  and  longitudinal  wave  velocities  are  the  parameters  determined  by  the 
algorithm. 


II.  Experimental  Setup 

A  schematic  diagram  of  the  experimental  setup  is  shown  in  Figure  1.  The  essential 
equipment  required  to  measure  the  phase  velocity  of  Lamb  waves  includes  digitizing 
oscilloscope  with  a  GPIB  port;  a  function  generator  with  a  GPIB  port;  two  wideband 
amplifiers;  two  small  diameter,  wideband  piezoelectric  transducers  adaptable  to  a 
Plexiglas  variable-angle  wedge;  a  fixture  to  keep  the  receiving  and  transmitting 
transducers  aligned;  and  two  Plexiglas  angled-adapters  to  hold  the  receiving  transducers; 
and  a  tube  of  high  vacuum  grease  to  be  used  as  ultrasonic  couplant. 

The  operation  of  the  experimental  apparatus  was  controlled  by  a  “Virtual 
Instrument”  (a  National  Instruments  term  to  designate  the  simulation  of  a  real  instrument 
using  their  LabView  software),  running  in  a  personal  computer.  The  first  activity  of  the 
virtual  instrument  is  to  program  the  arbitrary  function  generator  through  the  GPIB  bus,  so 
that  a  five  cycles  sine  burst  modulated  with  a  Hamming  window  was  generated  every  100 
ms.  This  excitation  function  has  a  narrow  band  spectrum  at  a  selected  center  frequency. 
When  transmitted  with  a  proper  angle  of  incidence,  a  Lamb  wave  propagating  in  the 
fundamental  symmetrical  mode,  So,  is  excited  in  the  plate.  For  instance,  in  an  aluminum 
plate  1.5  mm  thick  a  500KHz  transducer  can  excite  So  plate  waves  in  a  range  of 
frequencies  from  300  to  800  Khz.  The  Lamb  waves,  detected  by  two  contact  transducers 
separated  a  distance  D1  from  the  source  and  a  distance  D2  between  them,  were  amplified 
40  dB,  and  averaged  and  digitized  by  the  oscilloscope.  The  digitized  records  are 
transferred  to  the  computer  through  the  GPIB  bus.  Additional  parameters,  such  as 
distance  between  receivers,  apriori  shear  wave  velocity,  acceptable  signal  level  threshold, 
and  bandwidth  level,  are  introduced  into  the  software.  This  information  is  needed  so  that 
a  theoretical  dispersion  curve  can  be  developed,  and  visually  compared  with  the  measured 
one  obtained  from  Equations  (2)  through  (10).  The  mean  square  error  between  the 
theoretical  and  measured  phase  velocity  values  is  also  displayed.  If  this  error  is  large,  the 
virtual  instrument  controls  can  be  adjusted  iteratively  until  of  the  error  is  reached  below  a 
certain  level. 
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Experimental  Analysis 


A  block  diagram  of  the  complete  process  is  shown  in  Figure  2.  .In  the  first  step,  a 
fast  Fourier  transform  algorithm  is  employed  to  calculate  the  cross  power  spectrum 
between  the  time  signals  of  the  two  receivers.  As  shown  in  Figure  3,  the  cross  power 
spectrum  amplitude  level  is  normally  high  enough  only  in  a  short  range  of  frequencies. 
Outside  of  this  band,  the  amplitude  is  too  small  to  yield  reasonable  results. 

Figure  4  shows  the  measured  and  theoretical  phase-spectra  of  a  500  KHz  plate 
wave.  The  range  of  frequencies  which  are  above  a  preset  threshold  amplitude  on  either 
side  of  the  input  central  frequency  is  used  for  this  purpose.  The  elastic  parameters  of  the 
plate  are  measured  by  simultaneously  displaying  the  measured  and  the  theoretical  phase 
spectra,  and  visually  adjusting  the  parameters  of  the  theoretical  spectrum  until  the  two 
graphs  are  superimposed  over  the  useful  range  of  frequencies.  The  unwrapped  theoretical 
and  the  measured  phase  spectra  are  shown  in  Figure  5. 

Figure  6  shows  the  measured  dispersion  curves  for  a  1.5  mm  thick  aluminum  plate 
together  with  the  theoretical  dispersion  curve  for  the  fundamental  symmetrical  mode.  A 
500  KHz  transducer  at  an  angle  of  31°  was  used  to  generate  plate  waves  of  several 
frequencies.  The  measured  dispersion  curve  was  assembled  from  several  segments 
obtained  by  incrementing  the  center  frequencies  of  the  exciting  pulse  between  300  and 
900  KHz.  The  measured  phase  velocities  are  within  1  %  of  the  theoretical  values.  Above 
certain  frequencies  more  than  one  mode  is  simultaneously  excited.  In  this  case  it  may  be 
necessary  to  adjust  the  number  of  samples  in  the  oscilloscope  time  window  to  minimize 
the  impact  of  the  unwanted  modes.  This  is  done  from  the  virtual  instrument  by 
decrementing  an  indicator  and  observing  the  time  signal  while  the  program  is  running. 
Generally  the  useful  time  response  consists  of  the  same  number  of  sinusoidal  cycles  as  in 
the  exciting  pulse,  (five  cycles  in  this  experiment).  This  modification  also  limits  the 
frequency  content  of  the  receiver  signals,  since  the  waves  are  dispersive  and  the  first 
arriving  waves  are  the  lowest  frequencies. 

IV.  CONCLUSIONS 

In  this  paper  the  theoretical  and  practical  considerations  involved  in  the  automatic 
measurement  of  phase  velocity  of  Lamb  waves  by  the  contact  method  are  discussed.  The 
analytical  and  experimental  aspects  of  using  cross-phase  spectrum  of  two  time  response 
signals  produced  by  a  plate  wave  to  construct  a  dispersion  curve  are  presented.  The  time 
signals  are  easily  detected  at  two  different  points  in  the  path  of  the  wave  by  two 
piezoelectric  transducers  in  contact  with  the  plate,  and  the  phase  velocity  is  measured  in 
real-time  with  an  experimental  apparatus.  A  “Virtual  Instrument  “  has  been  developed  to 
perform  automatically  all  the  steps  required  to  measure  phase  velocity  as  a  function  of  the 
frequency,  from  which  the  dispersion  curve  of  an  isotropic  plate  is  obtained.  Using  the 
dispersion  curve  as  input  to  an  inversion  algorithm,  the  elasticity  constants  of  isotropic 
plates  are  calculated.  This  algorithm  uses  a  linearized  model  and  singular  value 
decomposition  for  fast  convergence. 
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Figure  1.  Block  diagram  of  the  experimental  setup 


Figure  2.  Block  Diagram  of  the  Process  to  Measure  Dispersion  Curves 


263 


Radians  _k  Radians  ^  ~  Magnitude,  dB 


S  /  U1 


DISCUSSION 


Real-time  Characterization  of  Isotropic  Plates  Using  Lamb  Waves 


Speaker:  Rodriguez 

Have  you  used  this  approach  for  double  wall  radiography?  — Glenn  Light 


Why  do  you  need  angled  (wedge)  transducers  to  pick  up  the  lamb  wave  signals?  Only  the 
waves  are  generated  by  the  variable  angle  transducer,  they  could  be  picked  up  by  transducers 
placed  directly  on  the  surface  of  the  plate.  — Ajit  Mai 
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Emerging  technologies  for  NDE  of  aging  aircraft  structures 
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ABSTRACT 

Several  emerging  technologies  affording  new  opportunities  for  the  nondestructive  evaluation  of  aging 
aircraft  structures.  Among  these  technologies  are  ultrasonic  attenuation  detection  of  fatigue  and  corrosion 
damage;  non-contact  ultrasound  including  laser-laser,  laser-EMAT,  laser-air,  and  air-air;  laser  based  acoustic 
emission  source  identification;  full-field  double-pulse  holographic  imaging;  nonlinear  assessment  of  adhesive 
bond  quality;  x-ray  diffraction  topographic  imaging  of  the  quality  of  nickel  based  alloy  single  crystal  turbine 
blades. 

Keywords:  ultrasound,  lasers,  air-coupling,  EMATs,  acoustic  emission,  holography,  fatigue, 

corrosion,  adhesive  bonds,  x-ray  diffraction,  turbine  blades 

1.  FATIGUE  AND  CORROSION  DAMAGE  MONITOR 

The  first  ultrasonic  technique  used  to  study  the  development  of  fatigue  damage  during  fatigue  cycling 
was  ultrasonic  attenuation.  Although,  for  over  40  years,  this  technique  has  been  proven  to  be  the  optimum  one 
to  detect  early  fatigue  damage,  it  has  not  proven  useful  for  field  use  because  of  the  problem  of  acoustically 
coupling  the  transducer  to  the  structure  in  a  reproducible  fashion  that  does  not  influence  the  measured 
attenuation  values.  Experiments  conducted  in  the  early  seventies  to  monitor  the  development  of  fatigue  damage 
during  cycling  of  an  aircraft  aluminum  alloy  show  that  ultrasonic  attenuation  can  detect  fatigue  damage  much 
earlier  than  conventional  ultrasound  reflection  from  a  crack  (Figure  1).  Although  detection  of  corrosion  damage 
has  increased  in  priority  with  the  necessity  of  flying  many  aircraft  well  past  their  original  design  life,  none  of  the 
techniques  currently  under  development  involve  ultrasonic  attenuation  measurements.  Moreover,  since  any 
corrosion  on  the  surface  of  aluminum  alloys  will  result  in  an  increase  in  ultrasonic  attenuation,  this  technique 
also  has  a  very  high  probability  of  detecting  even  small  amounts  of  hidden  corrosion. 

2.  NON-CONTACT  ULTRASOUND 

Although  piezoelectric  ceramics  have  been  predominantly  used  as  transducer  materials,  a  major  problem 
with  their  use  is  that  they  are  bonded  to  the  test  material  with  a  coupling  medium  such  as  water  or  grease.  Often 
more  harmful,  is  the  necessity  of  immersing  the  structures  to  be  tested  in  tanks  of  water  or  using  water  squirters. 
For  velocity  measurements,  which  are  necessary  for  material  thickness  measurements  and  to  locate  the  depth  of 
defects,  the  couplant  can  cause  transit  time  errors.  It  can  also  lead  to  serious  errors  in  attenuation  measurements 
which  is  the  reason  that  so  few  reliable  measurements  of  attenuation  are  reported  in  the  literature. 
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Figure  1.  Ultrasonic  attenuation  yields  early  warning  of  fatigue  failure  in 
aircraft  aluminum  alloy 


Several  non-contact  techniques  are  presently  available  in  various  stages  of  development,  namely 
capacitive  pick-ups,  electromagnetic  acoustic  transducers  (EMATs),  laser  beam  optical  generators  and  detectors, 
and  air(gas)coupled  ultrasonic  systems  (Figure  2).  However,  capacitive  pick-ups  cannot  be  used  as  ultrasonic 
generators  and,  even  when  used  as  detectors,  the  air  gap  required  between  the  pick-up  and  test  structure  surface 
is  extremely  small,  which  in  essence  causes  the  device  to  be  very  nearly  a  contact  one.  EMATs  have  been 
successfully  used  for  material  defect  characterization  in  metals.  One  major  problem  with  EMATs  is  that  the 
efficiency  of  ultrasound  generation  and  detection  rapidly  decreases  with  lift-off  distance  between  the  EMATs 
face  and  the  surface  of  the  test  object.  They  can  obviously  only  be  used  for  examination  of  electrically 
conducting  materials.  They  are  much  better  detectors  than  generators  of  ultrasound.  Laser  ultrasonics  affords 
the  opportunity  to  make  truly  non-contact  ultrasonic  measurements  in  both  electrically  conducting  and  non¬ 
conducting  materials,  at  elevated  temperatures,  in  hostile  environments,  and  in  geometrically  difficult  to  reach 
locations.  However,  although  laser  ultrasonics  has  been  under  development  since  1963,  it  has  not  met  with 
overwhelming  success.  This  is  because  expensive  high  power  lasers  are  required  for  ultrasound  generation  and 
often  to  obtain  an  ultrasonic  wave  of  sufficient  amplitude  to  be  practically  useful,  the  surface  of  the  test 
specimen  must  be  ablated.  Although  often  lower  power  lasers  can  be  used  for  interferometric  detection,  unless 
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the  surface  of  the  specimen  is  a  good  optical  reflector,  such  detection  systems  will  not  work.  This  necessitates 
either  painting  the  surface  with  an  autoreflective  paint  or  applying  a  similar  stripable  coating.  In  other  cases,  a 
more  powerful  laser  must  be  used  for  detection  than  for  generation.  Air(gas)coupled  ultrasonic  systems  have 
been  under  development  for  some  time  and  research  is  underway  to  optimize  them  for  practical  non-contact 
ultrasonic  applications.  These  systems  are  relatively  similar  to  conventional  contact  ones  and,  therefore,  when 
optimized  may  play  an  important  role  in  modem  nondestructive  testing. 


Conventional  Technology 
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Figure  2.  Conventional  and  emerging  ultrasonic  techniques 
2.1  Laser  ultrasonics 

A  completely  new  design  laser  generation  system  capable  of  generating  discrete  narrow  band  frequency 
ultrasound  rather  than  the  broad  frequency  band  ultrasound  generated  by  conventional  laser  pulses  has  been 
optimized  (Figure  3).  This  multi-element  laser  system  is  composed  of  ten  Q-switched  Nd:YAG  cavities  with  a 
common  power  supply  and  timing  electronics.  The  timing  circuit  allows  the  lasers  to  be  fired  with  any  desired 
delay.  Turning  mirrors  are  used  to  direct  the  light  pulses  through  a  cylindrical  lens  to  the  surface  of  the  test 
specimen.  The  arrangement  allows  each  laser's  pulse  to  be  focused  to  a  single  point  or  on  a  line  at  a  fixed 
distance  on  the  metal's  surface.  The  ten  laser  system  permits  operation  in  two  modes:  phased  array  or  narrow 
band  generation  of  ultrasound.  In  the  phased  array  mode,  the  individual  laser  beams  from  each  of  the  10  lasers 
are  directed  to  a  sequence  of  spots  or  lines  on  a  surface  and  fired  in  an  appropriately  timed  sequence  in  order 
that  sound  generated  by  one  laser  is  reinforced  by  the  subsequent  firing  of  the  next  consecutive  laser  and  so  on 
until  all  10  lasers  are  fired.  This  results  in  great  enhancement  of  the  signal-to-noise.  In  order  to  generate 
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amplitudes  as  large  as  obtained  with  the  10  laser  array  system,  it  would  be  necessary  to  increase  the  power 
intensity  of  a  single  laser  to  a  level  which  would  damage  the  surface  of  most  materials,  particularly  composites. 
The  second  mode  of  operation  is  one  in  which  narrow  band  (tone  burst)  ultrasound  is  generated.  Narrow  band 
generation  takes  place  when  all  of  the  laser  elements  are  focused  to  the  same  point  on  the  material  surface  but 
fired  periodically  in  sequence  so  that  a  rapid  burst  of  energy  arrives  at  that  point.  This  laser  array  generation 
system  has  been  applied  for  experiments  involving  laser  generation/laser  detection  of  ultrasound. 
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Figure  3.  Advanced  non-contact  narrow  band  laser  ultrasound  system 
2.2  Air(gas)coupIed  ultrasonics 

An  air-coupled  ultrasonic  system  was  developed  for  C-scan  imaging  of  defects  in  wooden  panel 
paintings  for  the  Smithsonian  Institution.  The  major  components  of  this  system  is  a  state-of-the-art  ultrasonic 
unit,  special  transducers,  and  a  high-resolution  scanning  bridge.  The  transmitting  transducer,  mounted  onto  the 
moving  element  of  the  scanning  bridge,  is  driven  by  a  computer-controlled  high  power  tone  burst  gated  amplifier. 
Even  though  this  unit  permits  generation  of  frequencies  from  below  100  kHz  to  20  MHz,  the  C-scan  system  is 
usually  operated  at  500  kHz  due  to  the  currently  available  air-probe  transducers.  Depending  on  the  focus  of 
these  transducers  and  or  specimen  thickness,  the  standoff  distance  can  range  from  less  than  1/8  inch  to  more 
than  2  inches.  In  addition  to  transmission  C-scan  imaging  of  cracks  in  wooden  panel  painting  supports,  the 
system  has  been  used  to  scan  wooden  two-by- fours,  graphite/epoxy  prepregs,  and  graphite/epoxy  panels 
(Figure  4).  Current  effort  is  directed  at  measurement  of  adhesive  bond  quality  between  aluminum  plates. 
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Figure  4.  Air-coupled  c-scan  image  of  graphite/epoxy  panel  containing  more 
intentionally  introduced  porosity  on  right  side  than  on  left 


3.  LASER  BASED  ACOUSTIC  EMISSION  SOURCE  DETECTION  AND  IDENTIFICATION 


The  primary  importance  of  acoustic  emission  monitoring  lies  in  the  fact  that  proper  detection  and 
analysis  of  acoustic  emission  signals  can  permit  remote  identification  of  source  mechanisms  and  the  associated 
structural  alteration  of  materials  and  structures.  Although  the  phenomenon  of  acoustic  emission  has  been  the 
subject  of  scientific  investigafons  and  technological  applications  for  more  than  40  years,  it  has  not  optimally 
fulfilled  its  promise  as  a  practical  nondestructive  testing  technique  since  the  precise  characteristics  of  the 
acoustic  emission  stress  waves  emitted  from  specific  defects  remain  unknown. 

In  order  to  positively  identify  the  source  of  an  acoustic  emission  signal  and  be  able  to  make  a  definitive 
statement  as  to  whether  the  material  alteration  causing  the  acoustic  emission  signal  is  harmful  to  the  integrity  of 
the  engineering  structure,  it  is  necessary  to  be  able  to  determine  the  unmodified  waveform  and  frequency 
spectrum  of  the  signal  itself.  Moreover,  once  this  determination  is  made,  one  must  be  able  to  compare  the 
characteristics  of  the  acoustic  emission  signal  in  question  with  a  previously  characterized  set  of  acoustic 
emission  signals  recorded  from  known  material  defects.  An  optical  interferometer  is  the  only  detector  that  is 
actually  non-contact  and  permits  detection  of  surface  displacements  caused  by  acoustic  emission  events  without 
any  modification  of  the  detected  waveform  or  frequency  spectrum.  No  acoustical  impedance  matching  couplant 
is  required.  Optical  probes  have  inherent  broad  flat  frequency  responses.  They  can  probe  internally  in 
transparent  materials.  They  can  be  used  to  make  measurements  on  hot  and  extremely  cold  materials  and  in  other 
hostile  environments.  Since  the  focused  laser  beam  diameters  are  very  small,  they  can  probe  very  close  to  a 
microscopic  size  material  defect.  An  experimental  system  which  used  micro-tensile  test  specimens  with  very 
small  gauge  sections  and  laser  interferometric  detection,  permitted  successful  identification  of  the  source  of 
acoustic  emission  signals  (Figure  5).  Using  this  technique  with  steel  it  was  found  that  the  specimens  failed  by 
void  nucleation,  growth,  and  coalescence.  Examination  of  the  fracture  surface  of  each  specimen  in  a  scanning 
electron  microscope  revealed  that  each  void  contained  a  rather  large  intermetallic  particle,  some  of  which  had 
cracked  in  a  brittle  manner  (Figure  6).  Scanning  the  entire  fracture  surface  of  the  steel  gauge  section  and  counting 
the  number  of  broken  intermetallic  particles  resulted  in  a  near  one-to-one  correspondence  between  fractured 
intermetallic  particles  and  the  number  of  acoustic  emission  bursts. 
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Figure  5.  Laser  detected  acoustic  emission  frequency  spectrum  indicating 
both  low  and  high  frequency  sources 
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Figure  6.  Electron  microscope  image  of  fractured  ceramic  particle  causing 
observed  high  frequency  acoustic  emission 

4.  DOUBLE  PULSE  FULL-FIELD  HOLOGRAPHIC  IMAGING 

Heterodyne  holographic  interferometry  also  permits  full-field  imaging  of  surface  displacements  on  solid 
materials  due  to  ultrasonic  wave  propagation.  An  example  of  the  implementation  of  this  technique  is  as  follows 
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A  full-field  laser  source  is  used  to  record  a  holographic  image  of  the  entire  front  surface  of  a  graphite-epoxy 
composite  panel.  Subsequently,  a  second  point  source  laser  pulse,  possessing  sufficient  energy  to  cause 
ultrasonic  wave  generation  in  the  panel  by  thermoelastic  heating,  is  incident  at  the  center  of  the  surface  of  the 
plate.  After  sufficient  time  for  the  resulting  thermoelastically  generated  ultrasonic  wave  to  travel  to  outward 
from  the  source,  a  third  full-field  laser  pulse  is  used  to  re-expose  the  holographic  plate.  The  resulting 
interference  pattern  showed  the  surface  displacements  of  the  panel  caused  by  the  ultrasonic  wavefront  traveling 
outward  from  the  source  with  the  influence  of  the  anisotropic  character  of  the  panel  clearly  evident  (Figure  7). 
Moreover,  the  interference  pattern  exhibited  a  retardation  of  the  wavefront  on  one  side  caused  by  a  delamination 
in  that  region  of  the  panel. 


Figure  7.  Double  pulse  full-field  holographic  image  of  anisotropy  and  defect 
in  composite  plate 


5.  ADHESIVE  BOND  QUALITY 

The  only  NDE  techniques  which  are  possibly  capable  of  quantifying  the  physical  strength  of  an 
adhesive  bond  are  ultrasonic  ones  since  ultrasonic  waves  can  propagate  along  the  adhesive  bondline  and  therefore 
measure  the  properties  of  the  bondline  in  an  optimum  fashion.  Most  literature  sources  state  that  the  normal 
incidence  longitudinal  pulse-echo  reflection  technique  is  good  for  detecting  debonds,  but  is  not  good  for 
evaluation  of  bond  strength,  since  the  bondline  constitutes  a  small  fraction  of  the  ultrasonic  wave  path  length. 
However,  it  has  been  reported  that  comparison  of  the  amplitude  of  longitudinal  pulse-echo  waves  reflected  from 
the  top  and  bottom  surfaces  of  the  bond  is  an  indicator  of  bond  strength.  Actually  this  is  an  ultrasonic 
attenuation  technique.  The  use  of  normal  incidence  shear  (transverse)  pulse-echo  waves  should  be  much  better 
for  this  application,  particularly  with  regard  to  attenuation  measurements,  but  no  such  measurements  have  been 
reported  in  the  literature  for  bond  line  strength  investigations. 
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It  has  been  reported  that  ultrasonic  spectrum  analysis  permits  evaluation  of  the  efficiency  of  the 
adhesive  as  a  whole  and  correlates  satisfactorily  with  the  bond  strength.  This  is  true  for  both  pulse-echo 
reflection  and  through  transmission  techniques.  Since  the  presence  of  a  debond  causes  a  change  in  the  resonant 
frequency  when  using  an  ultrasonic  or  sonic  resonance  technique,  these  techniques  are  good  for  detecting 
debonds,  but  not  good  for  accessing  bond  strength.  Several  investigators  have  reported  the  successful  use  of 
acousto-ultrasonics  to  evaluate  bond  strength.  The  apparent  success  of  this  technique  for  bond  line  applications 
relies  on  the  generated  pulse  following  a  path  into  the  metal,  passing  through  the  adhesive  bond,  and  reemerging 
again  from  the  metal  to  be  detected  by  the  receiving  transducer.  In  an  optimum  situation,  the  stress  waves 
would  undergo  multiple  reflections  at  the  boundary  surfaces  of  the  bond  and  therefore  interact  with  a  significant 
fraction  of  the  bondline  volume  that  lies  in  their  path. 

A  large  number  of  investigators  have  used  some  type  of  guided  wave  (interface  waves,  Lamb  waves)  to 
monitor  bond  strength.  In  fact  this  appears  to  be  the  most  highly  regarded  technique.  The  advantage  of  this 
technique,  in  common  with  the  acousto-ultrasonic  technique,  is  that  the  interrogating  waves  propagate  along  the 
bond  line  rather  than  perpendicular  to  it  producing  shear  strains  in  the  bond-line  region,  and  thus  provide 
information  about  the  quality  of  the  bond  itself. 

A  unique  weak  bond  screening  technique,  which  is  not  precisely  nondestructive,  is  based  on  utilization 
of  high  power  ultrasound.  The  high  power  ultrasound  is  generated  by  a  piezoelectric  driven  exponential  hom 
operating  in  the  10-40  kHz  range  of  frequencies.  By  coupling  the  hom  to  the  surface  of  an  adhesively  bonded 
structure  and  adjusting  the  power  level  so  as  to  disrupt  weak  bonds  and  create  a  discontinuity,  but  not  to  affect 
bonds  with  normal  strength,  subsequent  inspection  by  conventional  ultrasonic  methods  can  reveal  the  locations 
where  the  weak  bonds  were  converted  into  disbonds. 

5.1  Nonlinear  ultrasonics 

Recently  research  has  been  initiated  to  use  nonlinear  ultrasonic  methods  to  measure  adhesive  bond 
quality.  Nonlinear  ultrasonic  waves  differ  from  linear  ultrasonic  waves,  which  are  commonly  used  for 
nondestructive  evaluation,  in  several  important  aspects.  An  initially  sinusoidal  longitudinal  wave  of  a  given 
frequency  distorts  as  it  propagates,  and  energy  is  transferred  from  the  fundamental  to  the  harmonics  that 
appear.  Monitoring  the  amount  of  harmonic  generation  developed  in  materials  subjected  to  mechanical  or 
thermal  loading  or  other  environmental  alterations  can  be  used  to  access  the  state  of  resulting  damage.  Figure  8 
shows  the  results  of  nonlinear  ultrasonic  testing  of  adhesive  bond  between  two  aluminum  plates. 
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Figure  8.  Results  of  nonlinear  ultrasonic  testing  of  adhesive  bond  between 
two  aluminum  plates 

6.  QUALITY  OF  SINGLE  CRYSTAL  TURBINE  BLADES 

The  efficiency  of  modem  aircraft  gas  turbine  engines  increases  with  increasing  combustion  temperature, 
while  the  performance  increases  with  increasing  inlet  temperatures.  The  physical  requirements  which  limit  the 
choice  of  turbine  blade  materials  for  high  temperature  operation  are  low  density,  thermal  stability,  thermal 
fatigue  resistance,  toughness,  resistance  to  high-temperature  oxidation,  and  resistance  to  creep.  Creep  caused  by 
dislocation  motion  is  resisted  by  addition  of  alloying  elements  in  solid  solution  and  formation  of  stable  hard 
precipitates,  both  of  which  serve  as  dislocation  pinning  points.  Diffusional  creep  is  resisted  by  increasing  the 
grain  size,  directional  solidification  to  produce  long  grains  with  boundaries  parallel  to  the  applied  stress,  and 
most  optimally  by  eliminating  the  grain  boundaries  completely,  i.e.  using  single  crystal  blades.  Among  the 
problems  encountered  with  single  crystal  turbine  blades  is  the  ability  to  determine  the  overall  crystalline 
perfection  of  the  final  blades. 

6.1  X-ray  diffraction  topography 

Conventionally,  the  Laue  back-reflection  x-ray  diffraction  technique  is  used  to  determine  the  orientation 
of  one  small  localized  point  on  the  turbine  blade.  Examination  of  the  entire  blade  using  this  point  probe  method 
requires  an  inordinately  long  time.  An  asymmetric  crystal  topographic  (ACT)  x-ray  diffraction  technique 
permits  imaging  of  a  large  portion  of  the  single  crystal  blade  at  one  time,  while  incorporation  of  an  x-ray 
sensitive  electro-optical  detector  permits  this  to  be  done  in  real-time.  In  the  ACT  technique  each  individual 
topographic  image  is  essentially  a  large  Laue  "spot"  generated  by  diffraction  from  a  particular  set  of  "parallel" 
lattice  planes  covering  a  large  area  of  the  crystal.  The  x-ray  beam  incident  on  the  specimen  illuminates  a  large 
area  and,  because  of  the  special  beam  expanding  monochromizing  silicon  crystal,  experiences  minimal  divergence. 


275 


Figure  9  shows  a  schematic  diagram  of  the  ACT  experimental  arrangement  used  for  inspection  of  the 
single  crystal  nickel  based  alloy  turbine  blade.  Figure  10  is  an  ACT  image  of  a  large  portion  of  the  turbine  blade 
which  shows  that  the  single  crystal  portion  imaged  contains  a  substructure  indicating  the  presence  of  fairly  large 
substructure  probably  caused  by  dendritic  segregation  during  solidification  of  the  blade.  It  should  be  noted  that 
the  size  of  the  individual  portions  of  the  substructure  is  approximately  the  same  size  as  the  area  of  the  blade 
that  would  be  covered  by  an  incident  x-ray  beam  when  using  the  conventional  pinhole  collimating  system.  This 
illustrates  most  vividly  the  failing  of  pinhole  collimating  systems  for  inspection  of  turbine  blades. 


Figure  9.  .Experimental  x-ray  topographic  system  for  determination  of 
perfection  of  nickel  alloy  single  crystal  turbine  blade 


Figure  10.  X-ray  topographic  image  showing  dendritic  segregation  caused 
misorientations  along  length  of  nickel  alloy  single  crystal  turbine 
blade 
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7.  CONCLUSIONS 


It  has  become  increasingly  evident  that  emerging  technologies  such  as  described  in  this  article  should  be 
used  for  nondestructive  evaluation  of  aging  aircraft.  Other  techniques  including  in-situ  sensors  can  be  combined 
with  radio  telemetry  systems  for  continuous  remote  monitoring  of  aging  aircraft  structures.  Application  of 
these  advanced  sensors  and  artificial  intelligence  algorithms  will  play  an  extremely  important  role  in  the  future. 
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ABSTRACT 


In  dus  paper,  efforts  on  the  inversion  of  the  ultrasonic  oblique  incidence  data  to  obtain  the  stiffness 
constants,  fiber  orientation  and  ply  lay-up  of  orthotropic  symmetry  material  systems  such  as  fiber  reinforced 
composites  wi  1  be  discussed.  Inverse  genetic  algorithms  were  used  in  this  effort  and  the  performance  of  the  genetic 
algorithms  will  be  evaluated.  Several  ultrasonic  regimes/domains  for  data  acquisitions  were  tested  using  the  genetic 
algorithm.  The  acoustical  data  domains  used  was  the  plate  wave  dispersion  curves.  The  list  of  parameters  studied 
included  the  genetic  algorithm  parameters  such  as  number  of  generations,  population  and  bits. 

INTRODUCTION 

Fiber  reinforced  composites  are  rapidly  replacing  traditional  engineering  materials  in  a  variety  of  fields  A 
decade  or  two  ago  their  popularity  was  primarily  restricted  to  the  aerospace  industry  which  was  attracted  to  their  higher 
suffness  to  weight  ratios  despite  prohibitive  manufacturing  costs.  However,  due  to  the  development  of  better  cost- 
effective  manufacturing  techniques  in  recent  years,  their  scope  of  application  has  widened  to  include  among  others  the 
automobile  and  construction  industries.  s  ’ me 

•  tmn  Consequently,  characterization  of  the  material  properties  of  composites  has  become  more  and  more  important 
in  terms  of  accuracy  and  economics.  Ultrasonic  non-destructive  evaluation,  (NDE)  which  has  already  been  established 
as  a  vital  tool  for  characterizing  traditional  (especially  isotropic)  materials,  has  as  a  result,  gained  an  increasing  amount 
o  importance  as  a  potentially  rapid,  accurate,  less  labor  intensive  and  economical  testing  technique.  Various  theoretical 
models  and  experimental  techniques  have  been  and  continue  to  be  adapted  or  developed  to  investigate  these  materials. 

Despite  considerable  success,  there  still  are  challenging  problems  to  be  tackled  in  this  regard.  The  anisotroDic 
characteristic  of  composites  renders  experimentation  and  modeling  of  acoustic  wave  behavior  more  complex  and 
involved.  Plus,  the  multi-onented  layered  composite  structures  commonly  used,  heighten  this  complexity.  Furthermore 
in  quite  a  few  cases,  it  is  necessary  to  solve  highly  non-linear  inverse  problems  in  order  to  completely  characterize 
material  properties,  especially  stiffness.  These  problems  definitely  tend  to  dampen  the  advantages  of  NDE  and  thus 
require  increased  research  efforts.  ’ 


.  Coming  to  multi-oriented  layered  composite  laminates,  ply  lay-up  (stacking  sequence)  identification  is  an 

essential  exercise.  Lay-up  identification  falls  under  the  realm  of  non-linear  inverse  problems.  Few  attempts  in  this 
irection  are  quoted  in  literature.  Of  note  are  the  works  of  Komsky  and  co-workers  (Komsky,  et  al.  1994,  1992),  where 
shear  wave  transmission  signals  have  been  used  in  conjunction  with  theoretical  models  or  neural  networks. 

In  this  paper,  the  feasibility  of  first  identifying  the  stiffness  constants  of  a  unidirectional  single  layer  composite 
is  first  illustrated  using  dispersion  curve  analysis.  Then,  the  lay-up  identification  in  layered  composites  with  well- 
charactenzed  material  properties,  is  examined  via  a  sensitivity  analysis  based  on  the  dispersion  curve  behavior  of  fluid- 
loaded  laminates. 
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GENETIC  ALGORITHMS 


Genetic  Algorithms  (GAs)  are  randomized  search  methods  that  are  based  on  stochastically  generated  population 
models.  As  opposed  to  other  random  search  techniques,  rather  than  being  a  computationally  expensive  brute-force 
approach,  GAs  are  an  intelligent  way  of  rapidly  sampling  the  search  space  and  arriving  very  close  to  optimal  global 
solutions  -  both  unique  and  non-unique  ones. 

Further,  in  contrast  to  conventional  methods  where  the  search  space  is  treated  as  a  real  vector  space  of  !N  (N 
being  the  number  of  parameters  to  be  identified);  GAs  usually  operate  on  finite  length  alphabet  strings  (chromosomes) 
which  are  coded  to  represent  points  in  the  equivalent  vector  space.  Binary  coding  is  the  simplest  and  most  frequently 
used,  although  other  types  of  coding  (real-valued  and  Gray  coding)  are  not  uncommon. 

A  genetic  algorithm  (GA)  begins  with  a  randomly  generated  population  of  points  in  a  prescribed  finite  search 
space  -  as  defined  by  the  physically  acceptable  bounds  imposed  on  the  identification  parameters  which  are  nothing  but 
constraints  on  the  problem.  These  can  be  regarded  as  probable  solutions  to  the  given  problem.  Each  point  is  coded  as 
a  chromosome  composed  of  concatenated  sub-strings  that  represent  the  real-valued  parameters  of  the  problem.  Each 
chromosome  is  then  divided  into  its  sub-strings  and  these  are  decoded  into  their  corresponding  parameters.  Next,  the 
chromosome's  raw  fitness  value  (a  measure  of  the  distance  of  this  probable  solution  from  the  global  optima)  is  evaluated 
from  the  fitness  function,  which  is  nothing  but  the  function  that  must  be  optimized.  Note  that,  in  the  context  of  GAs, 
fitness  is  defined  according  to  whether  the  problem  is  a  minimization  or  maximization  one.  Pertaining  to  the 
reconstruction  problem,  the  fitness  function  is  in  a  minimization  form.  As  the  fitness  function  has  to  be  minimized, 
population  members  with  lower  errors  have  higher  fitness. 

Subsequent  to  the  random  creation  and  fitness  evaluation  of  the  first  and  initial  generation  of  probables,  the 
raw  fitnesses  are  scaled  and  three  basic  stochastic  operations  -selection,  crossover,  and  mutation  -  are  performed  in  that 
order  on  this  first  choice  of  candidate  solutions  to  begin  the  evolution  process. 

Fitness  scaling  is  essential  for  maintaning  population  diversity  and  preventing  premature  convergence.  Of  the 
numerous  scaling  techniques  proposed,  rank  scaling  where  the  fitness  rank  is  the  scaling  parameter,  and  sigma  scaling 
are  worth  mentioning. 

Selection  is  a  procedure  that  decides  which  member  of  the  current  population  should  survive  and  be  allowed 
to  reproduce  and  form  a  mating  pool,  so  as  to  create  the  next  generation.  This  operator  is  biased  towards  members  with 
above  average  fitness.  Hence,  such  individuals  reproduce  more  often  than  poorly  fit  ones  (similar  to  the  Darwinian 
principle  of  survival  of  the  fittest). 

Crossover  consists  of  randomly  choosing  two  individuals  from  the  newly  formed  mating  pool  and  exchanging 
random  portions  of  their  strings  (chromosomes),  in  order  to  form  two  new  chromosomes  (children).  The  crossover 
operation  is  however  performed  with  a  specified  probability  Pc  which  is  normally  kept  at  a  very  high  value.  Crossover 
operations  vary  from  single-point  (the  simplest)  through  multi-point  to  uniform  crossover  -  the  difference  being  the 
number  of  points  at  which  the  parent  chromosomes  are  cut.  Crossover  is  responsible  for  the  propagation  of  parental 
characteristics  to  the  children. 

Mutation  involves  intentionally  changing  the  value  (allele)  of  an  alphabet  (gene)  in  a  particular  position  (gene 
locus)  of  the  chromosome  string,  with  a  specified  probability  PM  that  is  usually  kept  very  low  to  prevent  unwanted 
disruption  of  the  population.  For  the  case  of  binary  coding,  the  mutation  operator  just  flips  every  one  to  a  zero  and  vice- 
versa.  The  purpose  of  mutation  is  to  create  unexceptionably  fit  members  compared  to  current  ones  and  thus  allow  the 
search  to  gain  momentum.  This  innovative  operation  rescues  the  GA  from  pitfalls  of  stagnation  and  incorporates 
increasing  robustness  and  globalism  in  the  search. 

After  applying  the  above  operators  on  the  current  population,  a  new  population  is  created  and  the  fitnesses 
of  its  members  are  once  again  evaluated  by  dividing  and  decoding  the  chromosomes.  The  new  population  is  then 
compared  with  the  previous  one,  and  decisions  on  which  members  of  the  new  population  will  survive  to  replace  part 
of  the  old  population  are  made,  based  on  a  certain  set  of  updating  (protection)  rules.  Protection  schemes  are 
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necessary  to  conserve  the  history  of  previous  generations  and  guiding  the  search.  It  should  be  noted  that  the 
protection  scheme  chosen  for  this  study  was  borrowed  from  Stoffa  and  Sen  (1991).  In  this  scheme,  every  individual 
in  the  current  generation  is  compared  to  one  randomly  picked  from  the  previous  generation  without  replacement. 
The  older  member  replaces  the  current  one  with  a  specified  update  probability  (PUPDATE)  only  if  it  is  fitter;  otherwise 
the  current  one  survives. 

Finally,  the  updated  population  is  used  to  create  the  next  generation  by  going  back  to  the  process  of  fitness 
scaling,  followed  by  the  three  stochastic  operations  once  again.  The  new  generation  is  then  compared  with  the 
previous  one  to  form  yet  another  updated  population.  This  whole  process  is  continued  iteratively  till  a  stopping 
criterion  on  either  the  maximum  raw  fitness  of  a  generation  or  on  the  number  of  generations  themselves  is  attained. 

For  a  more  detailed  account  on  GAs,  the  texts  by  Goldberg  (1989)  and  Mitchell  (1996)  are  suggested. 


SENSITIVITY  ANALYSIS 

Dispersion  curves  define  the  optimum  condition  for  the  generation  of  plate  wave  modes  in  a  structure.  This 
is  dependent  upon  the  geometrical  thickness  of  the  plate,  the  stiffness  constants,  and  the  density  along  with  the 
boundary  conditions.  The  dispersion  curve  is  obtained  from  the  theoretical  model  using  the  well  known  phenomena  that 
if  the  acoustic  impedance  of  the  plate  and  the  loading  fluid  (in  this  case  water  was  used  as  the  fluid),  the  minima  in  the 
reflection  factor  spectrum  (when  reflection  factor  is  plotted  as  a  function  of  frequency*plate-thickness(/tf)  product  or 
as  a  function  of  angle  of  incidence)  will  correspond  to  the  conditions  which  are  suited  for  the  generation  of  plate  wave 
modes.  There  are  several  types  of  dispersion  curve  plots.  The  one  we  have  employed  here  provides  relationship  between 
the  phase  velocity  and  the  frequency*plate-thickness(/d)  product.  Here,  the  phase  velocity  is  related  to  the  incidence 
angle  of  the  longitudinal  wave  (0)  through  the  well  know  Snell’s  Law. 

Dispersion  curves  in  the  <j>  =  0°,  90°  incident  planes  for  four  different  stacking  sequences  -  three  having 
different  levels  of  stagger  and  one  inverted  -  were  computed  and  examined.  The  elastic  constants  used  and  the  lay-ups 
considered  are  listed  in  Table  1 .  The  Transfer  Matrix  Method  with  numerical  truncation  incorporated,  was  used  as  the 
model  for  describing  the  reflection  factor  behavior.  Not  all  portions  of  the  dispersion  curves  could  be  found.  This  was 
because  some  very  narrow  minima  in  the  reflection  factors  were  skipped  by  the  computer  code. 

SINGLE  LAYER  STIFFNESS  CONSTANTS  INVERSTION 

Ideally,  each  point  on  the  dispersion  curves  satisfies  the  dispersion  equations.  However,  due  to  their  nonlinear 
nature,  the  dispersion  curves  have  to  be  obtained  numerically  by  searching  for  points  in  the  fd-c  plane  at  which  the 
absolute  values  of  the  dispersion  functions  tend  to  approach  zero.  Such  a  process  is  indeed  cumbersome  and  time 
consuming.  Consequently,  it  would  not  be  practical  from  a  computational  time  point  of  view  to  pose  the  inverse  problem 
in  a  least  squares  minimization  form  which  minimizes  the  error  between  the  measured  and  the  guessed  dispersion  curves. 
Rokhlin  and  Chementi  (1990)  have  used  such  an  approach  on  the  nonlinear  equation  for  the  reflection  factors.  An 
alternative  way  of  posing  the  inverse  problem  is  to  make  use  of  the  conditions  which  determine  the  dispersion  curves  - 
referred  to  as  the  determinant  minimization  method,  in  this  paper.  Karim  et  al.  (1990)  have  followed  this  approach. 
However,  the  least  squares  minimization  method  appears  to  be  more  stable  to  noise  than  the  alternative  approach 
because  not  all  portions  of  the  dispersion  curves  are  sensitive  to  the  elastic  constants  ( Rogers ,  1995). 

Nevertheless,  going  by  the  greater  importance  of  computational  time,  the  determinant  minimization  approach 
is  employed  in  this  paper.  The  inverse  problem  -  depending  on  the  medium  surrounding  the  plate  (ie.  dry  or  wet  case)  - 
can  thus  be  stated  as  follows: 

MINIMIZE 

Det{C)  =  £  I s(ci  ,  fdt  ,  p  ,  <j>  ,  C)|  +  £  \A(Cj  ,  fdj  ,  p  ,  <j>  ,  G)| 

i  =1  1=1 

OR 
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Det(Q  =  §  |  R(ck  ,fdk,p 

k-1 


pf ,  4> .  Q\ 


SUBJECT  TO  UPPER  AND  LOWER  BOUNDS  ON  THE  ELASTIC  CONSTANTS  : 


c  .<  c  <  c 

min  max 


where 

are  the  experimentally  determined  points  in  the  fd -c  plane  of  the  symmetric  and  anti 
-symmetric  modes  respectively; 

are  the  total  number  of  input  inversion  data  of  the  symmetric  and  anti-  symmetric  modes 
respectively; 

are  dispersion  curve  data  corresponding  to  the  reflection  factor  minimas  obtained  from 
immersion  experiments; 
is  the  total  number  of  input  inversion  data; 

« 

is  the  GA  fitness  function,  whose  minima  represent  optimized  conditions  for  the  solution 
sought. 

It  should  be  noted  that  for  wave  propagation  along  an  axis  of  orthotropic  symmetry  (<j>=0°  or  4>=90°),  the 
particle  motions  decouple  into  a  shear  horizontally  polarized  (SH)  wave  and  flexural  waves  (sagittal  plane  motion).  It 
is  the  sagittal  plane  motion  which  defines  the  symmetric  and  antisymmetric  modes  for  Lamb  waves.  Consequently,  along 
the  fiber  direction  (cj)=0°),  only  four  elastic  constants  (C„  ,  C33 ,  C13  and  C55)  influence  the  dispersion  curves,  while 
across  the  fiber  direction,  only  C22 ,  C33 ,  C23  and  C44  are  involved.  For  off-symmetry  propagation  directions,  the 
composite  material  is  of  monoclinic  symmetry,  and  hence,  the  particle  motions  are  coupled,  resulting  in  the  dependence 
of  the  dispersion  curves  on  all  nine  of  the  elastic  constants. 

Thus,  it  appears  that  inorder  to  reconstruct  all  nine  of  the  elastic  constants,  dispersion  curves  in  any  off- 
symmetry  direction  is  enough.  However,  due  to  sensitivity  problems  and  difficulties  in  experimentally  measuring  phase 
velocities  in  such  directions,  this  approach  is  avoided  here.  It  is  important  to  pose  inverse  problems  that  exploit 
sensitivities  of  the  parameters  to  the  maximum  possible  extent.  It  is  apparent  that  dispersion  curves  for  directions  along 
and  across  fibers,  will  be  most  sensitive  to  the  elastic  constants  (all  except  C,2and  QJ.  Hence,  a  more  suitable  approach 
is  to  solve  three  inverse  problems  to  back  out  all  nine  of  the  elastic  constants,  as  follows  : 

INVERSE  PROBLEM  #1 :  Dispersion  curves  in  4>=0°  direction  -*  Cu,  C33,  C,3  and  C55; 

+ 

INVERSE  PROBLEM  #2  :  Dispersion  curves  in  4>=90°  direction  ->  C22,  C33,  C23  and  C^; 

T 

INVERSE  PROBLEM  # 3  :  Knowing  seven  out  of  the  nine  elastic  constants  from  problems  #1  and 

#2;  dispersion  curves  in  <{)=450  direction  *♦  C12  and  C^. 

SINGLE  LAYER  STIFFNESS  CONSTANT  INVERSION  RESULTS 

Noise-free  GA  inversion  on  an  overdetermined  data  set  using  the  three-step  procedure  outlined  before,  was 
examined  for  the  known  Graphite-Epoxy  material  systems  #1.  The  bounds  for  all  reconstructions  were  set  at  ±50% 
of  the  original  values.  The  input,  overdetermined  noise-free  data  set  consisted  of  a  few  representative  computer 
generated  points  ifd,c)  on  the  respective  dispersion  curve  regions  for  the  material  considered.  The  c-ranges  of  the 
input  data  were  chosen  based  on  the  sensitivity  analysis  performed  earlier  on  material  #1  such  that  the  maximum 
sensitivities  possible  were  exploited  -  ie.  the  difference  in  weights  of  all  the  data  used  for  inversion  were  reduced. 
Due  to  experimental  limitations  on  high  frequency  regions,  the/d-  ranges  for  all  inversion  data  were  chosen  to  be 


(/d, ,  c, )  and 
( fdj.cj ) 
n  and  m 

or 

( fdk,ck ) 

P 

and 

Det 
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small.  Hence,  even  though  some  portions  of  the  dispersion  curves  (for  example,  at  first  critical  angles)  might  be 
difficult  to  experimentally  obtain,  the  noise-free  data  sets  chosen  for  inversion  were  close  to  a  representative 
experimentally  measured  set.  To  test  the  repeatability  of  the  GA  inversion,  all  the  noise-free  inversions  were 
performed  ten  times  consecutively.  The  results  are  given  in  Table  2.  From  the  very  low  errors  in  the  means  and  low 
standard  deviations  for  all  three  materials,  it  can  be  concluded  that  the  GA  inversion  for  noise-free  data  is  accurate 
and  repeatable. 


MULTI-LAYER  PLY  LAY  UP  INVERSE  STATEMENT 


For  a  longitudinal  wave  obliquely  incident  on  a  fluid-loaded  multi-oriented  layered  anisotropic  plate,  the 
reflection  factor  derived  using  the  Thomson-Haskell  Transfer  Matrix  Method  ( Nayfeh ,  1995)  is  given  by : 


_  i(M2i  +QM22)-Q{Mu+QM12)] 
=  m21-QM22)-Q(Mn-QM12)] 


where 

0  is  the  incidence  angle  of  the  longitudinal  wave; 
fd  is  the  frequency*laminate  thickness  parameter; 

Mu  for  I,J  =  1,2  are  certain  3x3  subdeterminants  of  the  global  transfer  matrix  [A] 

Q  is  a  parameter  depending  on  the  fluid  characteristics. 

<j>  is  the  lay-up  vector  [<j>„  <j>2,  <J>3, . <J>„  ]T  consisting  of  the  layer  azimuthal  orientations  <{>* 

beginning  from  the  top  face  of  a  n-layered  structure; 

C  =  [C„  i  C22 :  C33 1  C,2 :  C13  i  C  23  !  C* =  C  J5  i  Q*  ]T  is  the  elastic  constants  tensor 

expressed  as  a  vector  using  the  contracted  indical  notation. 

Applying  the  total  transmission  criteria,  the  dispersion  curve  relation  in  the  fd-c  plane,  corresponding  to 
minimas  in  the  reflection  factor,  is  given  by ; 

| R(c,fd,  <|>,  C*)|  =0 

where 

c  is  the  phase  velocity 

Employing  the  determinant  minimization  approach,  for  a  well  stiffness-characterized  material  system,  the 
inverse  problem  for  lay-up  reconstruction  can  be  stated  as  : 

MINIMIZE 

Det{$)  =  \R(ck’fdk’  Ol 

k=l 


SUBJECT  TO  LOWER  AND  UPPER  BOUNDS  ON  THE  LAYER  ORIENTATIONS 


d)  .  <  d)  <  <b„ 

t  mm  ”  ”» 


where 

( fdk ,ck)  are  the  leaky  dispersion  curve  data  to  be  inverted; 
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p  is  the  total  number  of  input  inversion  data; 

Det  is  the  genetic  fitness  function,  whose  minima  represent  optimized  conditions  for  the 

solution  sought. 

Furthermore,  increase  in  stagger  level  gives  rise  to  substantial  fd  -  shifts  and  changes  in  length  of  branching 
along  the  c  -  axis.  However,  it  should  be  noted  the  S0  mode  has  a  somewhat  decreasing  level  of  sensitivity  as  the 
stagger  level  increases;  with  only  certain  portions  (where  mode  turning  occurs)  being  sensitive. 

Figure  1  compares  the  dispersion  curves  for  case  1  in  the  <{>  =  0°  and  90°  directions,  respectively.  This  is 
equivalent  to  comparing  two  lay-ups  of  same  stagger  level  but  one  being  an  inverted  lay-up  of  the  other  -  like  cases 
1  and  4.  Once  again,  substantial  sensitivity  to  such  stacking  sequence  changes  is  visible. 

From  the  above  observations,  it  can  be  inferred  that  leaky  plate  wave  dispersion  curves  are  indeed  sensitive 
to  the  ply  stacking  sequence. 

LAY  UP  IDENTIFICATION  RESULTS 

Genetic  ply  lay-up  inversion  on  model-accurate  (noise-free)  data  was  attempted  on  the  stacking  sequences 
of  cases  1  and  2.  A  four  ply  symmetric  laminate  ( ie.  [<j>,  /  <J>2  /  <J>3  /  4>JS) was  assumed  with  azimuthal  angle  bounds 
of  -90°  s  (j)k  s  +90° ,  a  c-range  of  1.5  £  c  £  7.0  km./sec.  and  a  fd-  range  of  0.0  £  fd  £  5.0  Mhz.mm.  All  data  in  the  fd- 
c  plane  were  picked  from  dispersion  curves  computed  at  0.25  km./sec.  c-intervals.  The  genetic  parameters  and 
operators  employed  are  listed  in  Table  3.  It  should  be  noted  that  the  genetic  parameters  were  not  finely  tuned  for  this 
problem.  This  was  because  of  the  huge  amount  of  computational  time  required  for  the  inversion  as  a  result  of  the 
slow  execution  of  the  forward  code. 

Repeatability  tests  were  conducted  by  performing  ten  consecutive  inversions  for  each  case.  The  results  for 
case  1  is  summarized  in  Table  4,  respectively,  where  the  reconstruction  results  for  all  runs  are  given.  It  can  be 
observed  from  these  tables  that  the  inversion  is  reliable  within  a  degree  on  average,  and  seemingly  multiple 
solutions  exist,  but  these  are  equivalent  considering  that  <j>  =  -90°  and  tj)  =  +90°  are  both  transverse  to  the  fibers. 
Nevertheless,  multiple  solutions  do  exist  in  the  search  space  as  seen  by  the  GA  or  the  inversion  tool,  in  general. 

Considering  the  success  in  identifying  the  lay-up  of  the  cross-ply  laminates  chosen,  it  can  be  concluded 
that  genetic  ply  lay-up  inversion  does  indeed  show  promise.  However,  a  few  problems  need  to  be  surmounted.  The 
speed  of  inversion  is  drastically  low  and  needs  to  be  increased.  Parallel  computing  could  be  a  solution.  Further,  the 
influence  of  experimental  error  coupled  with  actual  experimental  data  inversion  needs  to  be  examined.  It  should  be 
noted  that  as  always  accurate  experimentation  is  required.  Finally,  the  effectiveness  of  the  inversion  to  more  general 
lay-ups  (eg.  angle  plies)  having  greater  number  of  assumed  layers  needs  to  be  studied. 


SUMMARY  AND  RECOMMENDATIONS 

Dispersion  curves  for  cross-ply  laminate  stacking  sequences  having  inverted  and  staggered  lay-ups  were 
computed  using  a  mathematical  model  based  on  the  Thomson-Haskell  Method  for  simulating  the  ultrasonic  oblique 
incidence  reflection  factor  response  from  multi-layered  fiber-reinforced  composite  plates.  In  the  above  forward 
analysis  (ie.  using  apriori  knowledge  on  the  ply-Lay-up  the  ultrasonic  data  was  computed),  it  was  observed  that 
changes  in  stacking  sequence  of  the  ply-Lay-up  significantly  influences  the  behavior  of  these  curves.  There  is  a 
strong  uniqueness  associated  with  the  ply-Lay-up  on  these  dispersion  curves.  Consequently,  it  can  be  concluded  that 
ply  lay-up  identification  using  leaky  guided  waves  is  potentially  feasible  provided  accurate  experimentation  can  be 
conducted. 

In  order  to  demonstrate  the  inversion  of  the  ultrasonic  data  to  obtain  the  unknown  parameter  which  is  the  ply- 
lay  up,  a  genetic  algorithm  (GA)  based  optimization  technique  was  used.  It  is  also  important  that  the  stiffness  constants 
and  the  visco-elastic  constants  values  at  the  frequency  range  of  interest  (1-10  MHZ)  along  with  the  density  and  thickness 
must  all  be  know  apriori.  The  authors  have  shown  that  using  a  unidirectional  laminate,  it  is  possible  to  obtain  all  of  9 
independent  elastic  stiffness  constants  using  a  Genetic  Algorithm  (GA)  based  inversion  process  ( Balasubramaniam  and 
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Rao,  1997).  It  was  also  demonstrated  that  Genetic  Algorithms  can  be  used  as  the  optimization  tool  for  this 
inversion  process  for  determining  ply-Lay-up.  Genetic  Algorithms  are  robust  search  techniques  which  can  locate 
whereabouts  of  global  extrema  in  complex,  multimodal  search  spaces.  In  contrast,  the  conventional  gradient-based 
optimization  techniques  are  local  in  nature  and  often  require  close  initial  guesses  to  avoid  entrapment  at  false  local 
minima.  Moreover,  Genetic  Algorithms  are  better  equipped  than  gradient  searches,  to  handle  search  spaces  which  are 
not  smooth  and  have  several  local  minima.. 
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Table  1  :  Ply  lay-up  and  the  elastic  constants  used  in  the  simulation. 


GRAPHITE/EPOXY  (p  =1.61  g/cm3) 

ELASTIC 
CONSTANT  Cg 
(GPa) 

c„ 

C22 

C33 

C12 

Cl3 

C23 

C44 

Q5 

^66 

144 

13.6 

12 

5.47 

5 

m 

| 

6 

6.5 

CASE 

PLY  LAY-UP 

TYPE 

1 

[0°4  /  90°JS 

Low  Stagger 

2 

[0°2  /  90°2  /  90°2  /  0°2]s 

Medium  Stagger 

3 

[0°  /  90°]4S 

High  Stagger 

4 

[90o4  /  0°4]s 

Low  Stagger,  but  CASE  1  Inverted 
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Table  2  :  Inversion  results  for  Graphite  Epoxy  material  system#!  considered  in  this  paper. 


RECONSTRUCTION  RESULTS  FROM  GRAPHITE/EPOXY  (MATL.  #1)  DISPERSION  CURVES 

(units  in  GPa;  p  =  1.61  g/cm3) 

<p=(f  (ALONG  FIBERS) 

c„ 

ORIGIN 

AL 

DATA 

0%  NOISE 

1%  fd,  2%  c  NOISE 

2%  fd,  4%  c  NOISE 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

c„ 

144.00 

144.00 

(0.00) 

0.00 

m 

4.00 

7.27 

c„ 

12.00 

12.00 

(0.00) 

0.00 

11.99 

(0.11) 

0.13 

12.32 

(2.67) 

n 

C,3 

5.00 

5.00 

(0.00) 

0.00 

5.03 

(0.53) 

0.52 

6.63 

(32.54) 

0.89 

C55 

6.00 

6.00 

(0.00) 

0.00 

6.04 

(0.74) 

0.21 

5.89 

(1.84) 

0.56 

<fi=90°  (TRANSVERSE  TO  FIBERS) 

Cu 

ORIGIN 

AL 

DATA 

0%  NOISE 

1%  fd,  2%  c  NOISE 

2%  fd,  4%  c  NOISE 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

c22 

13.60 

13.60 

(0.02) 

0.00 

14.43 

(6.10) 

1.04 

17.69 

(30.09) 

2.34 

c„ 

12.00 

12.00 

(0.00) 

0.00 

11.95 

(0.40) 

0.20 

11.88 

(1-04) 

0.29 

C23 

7.00 

7.00 

(0.03) 

0.00 

7.43 

(6.10) 

0.71 

9.07 

(29.58) 

1.09 

C„ 

3.70 

m 

0.00 

3.70 

(0.08) 

0.03 

0.10 

<p=45° 

Cu 

ORIGIN 

AL 

DATA 

0%  NOISE 

1%  fd,  2%  c  NOISE 

2%  fd,  4%  c  NOISE 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

MEAN 
(%  ABS. 
ERROR) 

STD. 

DEV. 

c„ 

5.47 

piplM 

0.00 

3.63 

(33.66) 

1.21 

2.74 

(49.96) 

0.00 

C„ 

6.50 

0.00 

6.49 

(0.16) 

0.39 

6.43 

(1.14) 

0.54 
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Table  3  :  Genetic  parameters  and  operators  used  for  all  inversions. 


OPERATION 

TYPE  OF  OPERATION 

PARAMETERS 

CHROMOSOME 

CODING 

BINARY  STRING 

PARAMETER  STRING 
LENGTH  =  8 

POPULATION 

CONSTANT,  OVERLAPPING 

POPULATION  SIZE  =  20 

FITNESS  SCALING 

SIGMA  SCALING 

- 

SELECTION 

STOCHASTIC  REMAINDER 
SELECTION  WITHOUT 
REPLACEMENT 

- 

CROSSOVER 

UNIFORM  CROSSOVER 

Pc  =  0.8 

MUTATION 

BITWISE  MUTATION 

PROTECTION 

UPDATING  , 

^UPDATE  ~  1-00 

STOPPING  CRITERIA 

NUMBER  OF  GENERATIONS 

MAXIMUM 
GENERATIONS  =  100 

Table  4  :  Genetic  inversion  of  ply  lay  up  for  case  1  in  Table  2. 


PLY  ANGLE 

4>t 

<t>i 

4>j 

<t>4 

ORIGINAL 

0 

0 

± 90.00" 

± 90.00° 

INVERSION  #1 

-0.35 

+0.35° 

+90.00° 

-89.29 

INVERSION  #2 

-0.35 

+0.35° 

+90.00° 

+90.00° 

INVERSION  #3 

-0.35 

-0.35 

+90.00° 

+89.29“ 

INVERSION  #4 

-0.35 

-0.35 

-90 

-90 

INVERSION  #5 

-0.35 

-0.35 

+89.29° 

-90 

INVERSION  #6 

+0.35° 

-0.35 

-90 

-90 

INVERSION  #7 

-0.35 

-0.35 

-90 

+89.29“ 

INVERSION  #8 

+0.35° 

+0.35° 

-89.29 

+90.00° 

INVERSION  #9 

-0.35 

-0.35 

-90 

+89.29° 

INVERSION  #10 

+0.35° 

-0.35 

-90 

-90 

Dispersion  Curves  in  the  PHI  =  O  Deg.  Direction 


Figure  1  :  Dispersion  curves  in  the  <{>  =  0°,  incident  for  the  cases  1,  2,  and  3  showing  sensitivity  to  ply-lay¬ 

up. 
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